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S u m m a r y
Soft handover is one of the most important functionalities for radio resource management in 
CDMA based wireless cellular systems. It is used in the intra-frequency handover and allows 
mobile stations to be connected simultaneously to several base stations, which are selected by a 
defined soft handover algorithm. Soft handover provides signal diversity in both uplink and 
downlink, leading to improvements to the quality of service. Proper design of soft handover is one 
of the main challenges in Wideband CDMA based third generation mobile systems such as 
UMTS, as it has a great impact on the trade-offs between coverage, system capacity and service 
quality in the network. However, soft handover control in UMTS suffers from inflexibility and 
inefficiency due to its pre-determined parameters and isolated operational manner, while the 
wireless radio networks are fully dynamic in terms of geographical as well as interference 
variations.
The principal objective of this research therefore is to comprehensively understand soft handover 
implications on the system performance and hence to develop adaptive and flexible and yet robust 
soft handover control mechanisms for UMTS.
The research work concentrates first on understanding the impacts of soft handover on the system 
performances of sectored and hierarchical cellular systems.The complexities of soft handover 
behaviours resulted from various handover related factors as well as the shadowing correlation are 
then studied. Based on the above investigations, three enhanced soft handover algorithms finally 
are proposed for UMTS. Compared to conventional UMTS soft handover algorithm, the proposed 
algorithms significantly improve the overall system performances and achieve better trade-offs 
between the quality of service, radio resource utilization and network costs.
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A c k n o w l e d g e m e n t s
Initially, I  would like to express my sincere thanks to my supervisors Professor Rahim Tafazolli 
and Professor Barry Evans whose expertise, understanding and support have been seen throughout 
my research work and have added considerably to my research experience.
I  am also grateful to all my colleagues and friends at Centre for Communication Systems 
Research at the University of Surrey, for creating a very positive atmosphere of doing research. 
Special thanks are delivered to Dr. Shahram Ghaheri-Niri who supported a large part of my 
research work with invaluable advices and consistent encouragements.
Also I  would like to thank the consortium of Mobile-VCE (Virtual Centre for Excellence) for 
which I have been working for almost four years and the research undertaken for Mobile-VCE 
forms part of the work in this thesis.
T a b l e  o f  C o n t e n t s
Acknowledgements  .............................................................  ii
Table of Contents............................................................................................................................ iii
L ist of Figures..................................................................................................................................vii
List of Tables.......................................................................................................................................x
Glossary of T e rm s ...........................................................................................................................xi
1 In troduction .....................................................................................    1
1.1 Motivations............................................................................................................................... 1
1.2 Thesis Structure........................................................................................................................2
1.3 Maj or Contributions................................................................................................................. 3
2 Backgrounds................................................................................................................................... 5
2.1 CDMA towards W -CDMA......................................................................................................5
2.1.1 Development of CDM A................................................................................................... 5
2.1.2 CDMA Concepts...............................................................................................................6
2.1.3 DS-CDMA Features..........................................................................................................7
2.1.4 Evolution to Third Generation.........................................................................................8
2.1.5 Main 3G Proposals............................................................................................................9
2.1.6 3GPPs.................................................................................................................................9
2.2 UTRA Network......................................................................................................................10
2.2.1 Concept of UM TS........................................................................................................... 10
2.2.2 UTRAN Architecture......................................................................................................10
2.2.3 Common Pilot Channel...................................................................................................11
2.3 Soft Handover for UM TS...................................................................................................... 12
2.3.1 Handover Definition........................................................................................................ 12
2.3.2 Hard Handover and Soft Handover................................................................................12
2.3.3 Soft Handover Behaviours..............................................................................................15
2.3.4 Soft Handover Algorithms..............................................................................................17
2.3.5 Soft Handover Manifestations in UTRAN.....................................................................18
S um m ary.................    ....................  i
3 Relevant Research Review..............................................................  20
3.1 Soft Handover Modelling......................................................................................................20
3.1.1 Analytical Modelling.............................................................................................  20
3.1.2 Simulation Modelling.................................................................................................... 22
3.1.3 Experimental Modelling................................................................................................ 23
3.2 Research Overview....................................................................................   23
3.2.1 Soft Handover Statistics................................................................................................ 23
3.2.2 Benefits from Soft Handover........................................................................................24
3.2.3 Novel Soft Handover Algorithms.................................................................................26
3.2.4 Soft Handover for Packet and IP Service..................................................................... 27
3.2.5 Soft Handover Analyses Using Non-Standard Approaches........................................ 27
3.3 Scope of Thesis Work.............................................................................................................28
4 Impacts of Soft Handover on Sectored C D M A  Cellular Systems............................... 29
4.1 Sectored CDMA Cellular Systems........................................................................................29
4.2 Sectorization Gain..................................................................................................................31
4.2.1 Derivation of Sectorization Gain...................................................................................31
4.2.2 Sectorization Gain Improvement by Soft/Softer Handover......................................... 32
4.3 Analytical System Model...................................................................................................... 33
4.3.1 Sectored Antenna Radiation Patterns............................................................................33
4.3.2 Signal Model.....................................................  34
4.4 Sectorization Gain in Hard Handover Systems.................................................................... 35
4.4.1 Omni Cell System...........................................   35
4.4.2 Nearly-Ideal Sectored System....................................................................................... 36
4.4.3 Practical Sectored System............................................................................................. 37
4.4.4 Sectorization Gain.......................................................................................................... 38
4.5 Sectorization Gain in Soft Handover Systems...................................................................... 38
4.5.1 Omni Cell System.......................................................................................................... 39
4.5.2 Nearly-Ideal Sectored System.......................................................................................40
4.5.3 Practical Sectored System............................................................................................. 42
4.5.4 Sectorization Gain..........................................................................................................43
4.6 Numerical Results...................................................................................................................44
4.6.1 Sectorization Gain..........................................................................................................44
4.6.2 Sectorization Gain Improvement by Soft/Softer Handover..........................................45
4.7 Conclusions.............................................................................................................................46
5 Impacts of Soft Handover on Hierarchical C D M A  Cellular Systems........................ 50
5.1 Hierarchical CDMA Cellular Systems................................................................................. 50
5.2 Analytical System Model......................................................................................................53
5.2.1 Hierarchical CDMA Cellular System Structure............................................................ 53
5.2.2 Signal Model................................................................................................................... 54
5.3 Micro User Performance in CASE 2 .................................................................................... 55
5.3.1 Hard Handover Hierarchical System..............................................................................55
5.3.2 Soft Handover Hierarchical System.....................................................  56
5.4 User Performance in CASE 3 ........   58
5.4.1 Hard Handover Hierarchical System..............................................................................59
5.4.2 Soft Handover Hierarchical System...............................................................................60
5.5 Numerical Results...................................................................................................................62
5.5.1 Results of CASE 2 .......................................................................................................... 62
5.5.2 Results of CASE 3 .......................................................................................................... 62
5.6 Conclusions............................................................................................................................63
6 Impacts of Soft Handover Related Factors......................................................................... 67
6.1 Description of Dynamic System-Level Simulator...............................................................68
6.1.1 Simulator Description.....................................................................................................68
6.1.2 Soft Handover Performance Metrics..............................................................................73
6.2 Impacts of Absolute and Relative Thresholds..................................................................... 74
6.2.1 Different Algorithms Studied......................................................................................... 75
6.2.2 Example Results.............................................................................................................. 76
6.2.3 Trade-off of Soft Handover Performances.....................................................................81
6.3 Impacts of Power and SIR Triggering Mechanisms............................................................82
6.3.1 Absolute Thresholds Based Soft Handover Algorithms...............................................82
6.3.2 Relative Thresholds Based Soft Handover Algorithms................................................85
6.4 Impacts of Soft Handover Parameters.................................................................................. 87
6.4.1 UTRA Soft Handover Algorithm................................................................................... 87
6.4.2 Impacts of Soft Handover Parameters............................................................................89
6.5 Conclusions............................................................................................................................95
7 Impacts of Shadowing Cross-Correlation........................................................................... 97
7.1 Introduction............................................................................................................................97
7.2 Shadowing Cross-Correlation Modelling...........................................................................100
7.2.1 Constant Shadowing Cross-Correlation.......................................................................100
7.2.2 Practical Shadowing Cross-Correlation.......................................................................100
v
7.3 Statistics of Shadowing Cross-Correlation........................................................................102
7.4 Generation of Cross-Correlated Shadowing...........................................................  103
7.4.1 Generation Approach................................  103
7.4.2 Verification of Approximations.................................................................................. 106
7.5 CPICH Performance under Cros s-Correlated Shadowing................................................. 109
7.6 UTRA Soft Handover Performance Under Cross-Correlated Shadowing......................110
7.6.1 Simulation scenario...................................................................................................... 110
7.6.2 Simulation Results....................................................................................................... I l l
7.7 Conclusions......................................................................................................................... 112
8 Enhanced Soft Handover A lgorithm s................................................................................ 115
8.1 Introduction......................................................................................................................... 115
8.2 Adaptive Soft Handover Algorithm with Positioning Assistance.................................. 116
8.2.1 UE Positioning Modelling............................................................................................116
8.2.2 Positioning Assisted Soft Handover Algorithm........................................................ 119
8.2.3 Performance Improvements.........................................................................................121
8.3 Integrated Soft Handover Algorithm................................................................................. 124
8.3.1 Enhanced System-Level S imulator............................................................................. 125
8.3.2 Impacts of CAC and Soft Handover Thresholds........................................................ 131
8.3.3 Link Quality Indicators................................................................................................ 133
8.3.4 Integrated Soft Handover with CAC.........................................................................  134
8.3.5 Performance Improvements.........................................................................................135
8.4 Distributed Soft Handover Algorithm..............................................  138
8.4.1 Link Quality Indicators................................................................................................ 139
8.4.2 Distributed Soft Handover Algorithm......................................................................... 140
8.4.3 Performance Improvements.........................................................................................140
8.5 Conclusions......................................................................................................................... 144
9 Conclusions and Future W o rk ..............................................................................................147
9.1 Conclusions..........................................................................................................................147
9.2 Future Work......................................................................................................................... 150
Appendix...................................................................................................   152
References..................    154
Publications and Patents..........................................................................................   165
L i s t  o f  F i g u r e s
Figure 1.1 Thesis structure................................................................................................................... 2
Figure 2.1 Basic concept of DS-CDMA...............................................................................................6
Figure 2.2 General architecture of UM TS..........................................................................................10
Figure 2.3 UTRAN architecture........................................................................................................11
Figure 2.4 Difference between hard and soft handovers...................................................................13
Figure 2.5 Soft handover in uplink..................................................................................................... 15
Figure 2.6 Soft handover in downlink................................................................................................16
Figure 2.7 SRNS relocation in inter RNS soft handover...................................................................19
Figure 3.1 Explanation of soft handover region................................................................................22
Figure 4.1 Explanation of a 3-sectored CDMA cellular system.......................................................30
Figure 4.2 Radiation patterns of a practical sectored antenna.......................................................... 34
Figure 4.3 Nearly-ideal sectored system with hard handover........................................................... 36
Figure 4.4 Practical sectored system with hard handover................................................................. 37
Figure 4.5 Omni system structure with soft handover...................................................................... 39
Figure 4.6 Nearly-ideal sectored system with soft/softer handover..................................................40
Figure 4.7 Sectorization gain versus path-loss exponent (<r= 8 dB, co- 80°).................................46
Figure 4.8 Sectorization gain versus st.d. of shadowing = 4, co -  80°)...........................  47
Figure 4.9 Sectorization gain versus effective radiation angle (<j= 8 dB, ¡u = 4)............................47
Figure 4.10 Sectorization gain improvement due to soft/softer handover versus path-loss exponent
0 = 8 d B ,  co = 80°)..................................................................................................................... 48
Figure 4.11 Sectorization gain improvement due to soft/softer handover versus st.d. of shadowing
(// = 4, = 80°)............................................................................................................................48
Figure 4.12 Sectorization gain improvement due to soft/softer handover versus effective radiation
angle (<7= 8 dB, ju = 4 ) ............................................................................................................... 49
Figure 5.1 Possible types of handovers in a CDMA/CDMA hierarchical system...........................51
Figure 5.2 Cell deployment of a macro/micro overlaying system....................................................53
Figure 5.3 Macro/micro hierarchical systems with intra-layer soft handover................................. 57
Figure 5.4 Micro user’s uplink interference versus st.d. of micro layer shadowing, CASE 2 with
intra-layer hard handover (juMA = 4.0, aMA = 8 dB).................................................................... 64
Figure 5.5 Micro user’s uplink interference versus st.d. of micro layer shadowing, CASE 2 with 
intra-layer soft handover (jUma=  4.0, crMA = 8 dB )..................................................................... 64
Figure 5.6 Macro user’s uplink interference versus st.d. of micro layer shadowing, CASE 3 (juma =
4.0, <7Ma= 8 dB )........................................................................................................................... 65
Figure 5.7 Uplink SIR of a micro handover user versus its location, CASE 3 with intra-layer hard 
handover (aMA = crM,-  8 dB, juMA = juMI = 4.0). The surrounding edge indicates its SIR before
the handover................................................................................................................................. 65
Figure 5.8 Uplink SIR of a micro handover user versus its location, CASE 3 with intra-layer soft 
handover (aMA = <Jmi= 8 dB, juMA = juMI = 4.0). The surrounding edge indicates its SIR before
handover...................................................................................................................................... 66
Figure 6.1 Cell deployments in a vehicular environment................................................................. 69
Figure 6.2 Mean active set number versus call arrival rate.............................................................. 79
Figure 6.3 Active set update rate versus call arrival rate.................................................................. 79
Figure 6.4 Outage probabilities versus call arrival rate.....................................................................80
Figure 6.5 Call blocking rate versus call arrival rate.........................................................................80
Figure 6.6 Mean active set number versus call arrival rate.............................................................. 84
Figure 6.7 Active set update rate versus call arrival rate...................................................................84
Figure 6.8 Outage probability versus call arrival rate........................................................................85
Figure 6.9 Call blocking rate versus call arrival rate.........................................................................85
Figure 6.10 Mean active set number and active set update rate versus call arrival rate................. 86
Figure 6.11 Outage probability and blocking rate versus call arrival rate...................................... 87
Figure 6.12 Explanation of UTRA soft handover algorithm........................................................... 88
Figure 6.13 Psh0, Pbik and Pout versus [Hadd, H^p] (N = 20, T = 4 s).................................................90
Figure 6.14 MASN and ASUR versus [Hadd, H^p] (N = 20, T = 4 s).............................................90
Figure 5.15 Probability of different active set size versus T (N = 20, [Hadd, H^op] = [-2, -5] dB)..92
Figure 6.16 Psh0, Pblk and Pout versus T (N = 20, [Hadd, Hdrop] = [-2, -5] dB)................................... 92
Figure 6.17 MASN and ASUR versus T, (N = 20, [Hadd, Hdrop] = [-2, -5] dB)...............................93
Figure 6.18 Probability of different active set size versus N (T = 4 s, [Hadd, Hdrop] = [-2, -5] dB) .93
Figure 6.19 Psho, Pbik and Pout versus N (T = 4 s, [Hadd, Hdr0p] = [-2, -5] dB)................................... 94
Figure 6.20 MASN and ASUR versus N, (T = 4 s, [Hadd, Hdrop] = [-2, -5] dB)..............................94
Figure 7.1 Explanation of shadowing cross-correlation................................................................ ...98
Figure 7.2 Cross-coefficients achieved from the SCC model (Xc = 20 m, a -  0.3)......................101
Figure 7.3 Mean and st.d. of SCC coefficient ( a -  0.3)..................................................................102
Figure 7.4 PDF of SCC coefficient (a -  0 .3)...................................................................................103
Figure 7.5 Block diagram of cross-correlated shadowing generation............................................105
Figure 7.6 Cell deployments in the simulations............................................................................... 106
Figure 7.7 Relative differences between auto-correlation versus normalized distance.................108
Figure 7.8 Mean and st.d. of CPICH Ec/I0 in dB versus the distance from central cell.................109
Figure 7.9 CPICH Ec/I0 outage probability versus the distance from central cell......................... 110
Figure 7.10 Call blocking rate versus st.d. of shadowing................................................................113
Figure 7.11 Eb/I0 outage probability versus st.d. of shadowing...................................................... 113
Figure 7.12 Mean active set number versus st.d. of shadowing..................................................... 114
Figure 7.13 Active set update per call versus st.d. of shadowing................................................... 114
Figure 8.1 Different ways of constructing dynamic soft handover algorithms............................. 116
Figure 8.2 Applications of position locating of U E .........................................................................117
Figure 8.3 UE positioning using downlink TDOA..........................................................................117
Figure 8.4 UE’s positioning delay modelling.................................................................................. 118
Figure 8.5 Estimation of user’s distance and direction of movement towards a base station 119
Figure 8.6 Explanation of positioning assisted soft handover........................................................ 120
Figure 8.7 Outage probability and call blocking rate versus st.d. of shadowing........................... 122
Figure 8.8 Mean active set number and active set update rate versus st.d. of shadowing 122
Figure 8.9 Outage probability and call blocking rate versus call arrival rate................................ 123
Figure 8.10 Mean active set number and active set update rate versus call arrival rate.................123
Figure 8.11 Performance improvements versus st.d. of positioning distance error.......................124
Figure 8.12 Flowchart of call admission control procedure........................................................... 130
Figure 8.13 Impacts of uplink CAC threshold on service qualities................................................ 132
Figure 8.14 Impacts of soft handover thresholds on service qualities............................................132
Figure 8.15 GoS, call blocking rate and call dropping rate versus call arrival rate.......................136
Figure 8.16 Satisfied user rate versus call arrival rate................................................................... 136
Figure 8.17 Normalized Node-B and UE transmission powers versus call arrival rate.........137
Figure 8.18 GoS versus Node-B cost...............................................................................................138
Figure 8.19 GoS versus UE cost....................................................................................................... 138
Figure 8.20 GoS, call blocking rate and call dropping rate versus call arrival rate.......................141
Figure 8.21 Satisfied user rate versus call arrival rate................................................................... 142
Figure 8.22 Normalized Node-B and UE transmission powers versus call arrival rate.........143
Figure 8.23 Normalized Node-B and UE transmission powers versus carried cell load........143
Figure 8.24 GoS versus Node-B cost..........................................................................   144
Figure 8.25 GoS versus UE cost....................       144
Figure A .l Transition of x-y coordinate and integration region with linear boundary................   152
L i s t  o f  T a b l e s
Table 2.1 Main IMT-2000 proposals.................................................................................................... 9
Table 5.1 Uplink SIR of micro users in CASE 1 and CASE 2 ......................................................... 58
Table 5.2 Uplink SIR of micro handover users before and after handover..................................... 61
Table 5.3 Uplink SIR of macro users in CASE 1 and CASE 3 ........................................................ 61
Table 6.1 Simulation parameters in UTRA vehicular environment.................................................77
Table 6.2 Impacts of absolute and relative thresholds on soft handover performances................. 81
Table 6.3 Comparisons of performances of soft handover algorithms.............................................81
Table 6.4 Probabilities of different active set sizes........................................................................... 89
Table 6.5 Summary of the impacts of soft handover parameters...................................................... 95
Table 7.1 Auto-correlation coefficients in the 7 base station deployment......................................107
Table 7.2 Statistics of (Mk-M ’k) in the 19 base station deployment............................................... 108
Table 7.3 Simulation parameters and settings..................................................................................I l l
Table 8.1 Power control parameters and settings............................................................................ 129
Table 8.2 Simulation parameters and settings..................................................................................135
Table 8.3 Simulation parameters and settings..................................................................................141
x
G l o s s a r y  o f  T e r m s
3G Third Generation
3GPP Third Generation Partnership Project
3GPP2 Third Generation Partnership Project 2
AMPS Advanced Mobile Phone System
AOA Angle of Arrival
ARIB Associate of Radio Industries and Businesses
AS Active Set
ASUR' Active Set Update Rate
AWGN Additional White Gaussian Noise
BER Bit Error Rate
BS Base Station
BTS Base Satiation Transceiver
CAC Call Admission Control
CDMA Code Division Multiple Access
CN Core Network
CPICH Common Pilot Channel
CWTS China Wireless Telecommunications Standard group
DCPC Distributed Constrained Power Control
DL Downlink
DPC Distributed Power Control
DRNC Drift RNC
DRNS Drift RNS
DS-CDMA Direct Sequence -  CDMA
EGC Equal Gain Combining
E-OTD Enhanced-Observe Time Difference
ETSI European Telecommunications Standardisation Institute
FCC Federal Communications Commission
FDD Frequency Division Duplex
FDMA Frequency Division Multiple Access
FM Frequency Modulation
GPS Global Position System
GSM Global System for Mobile
GoS Grade of Service
HAPS High Altitude Platform System
HCS Hierarchical Cell Structure
HHO Hard Handover
HO Handover
IMT-2000 International Mobile Telecommunications-2000
IP Internet Protocol
r r u International Telecommunication Union
LAN Local Access Network
M A I Multiple Access Interference
MASN Mean Active Set Number
MIMO Multi-Input Multi-Output
MRC Maximum Ratio Combining
MS Mobile Station
N/Ap Network Access Point
PC Power Control
PCE Power Control Error
P-CPICH Primary-CPICH
PDF Probability Density Function
PM Phase Modulation
QoS Quality of Service
RNC Radio Network Controller
RNS Radio Network Subsystem
RRC Radio Resource Control
RRM Radio Resource Management
RTT Radio Transmission Technology
SAS Stand-Alone SMLC
SC Selective Combining
s ee Shadowing Cross-Correlation
S-CPICH Secondary-CPICH
SDO Standards Developing Organisation
SHO Soft Handover
SIR Signal to Interference Ratio
SISO Single-Input Single-Output
SMLC Serving Mobile Location Centre
SRNC Serving RNC
SRNS Serving RNS
st.d. Standard Deviation
STTD Space-Time Transmit Diversity
TDD Time Division Duplex
TDM A Time Division Multiple Access
TDOA Time Difference of Arrival
TIA  Telecommunications Industry Association
TOA Time of Arrival
UE User Equipment
UL Uplink
UMTS Universal Mobile Telecommunication System
UTRA UMTS Terrestrial Radio Access
UTRAN UTRA Network
W-CDMA Wideband CDMA
Chapter 1 Introduction
Chapter 1
1  I n t r o d u c t i o n
1.1 Motivations
Recently, spread spectrum based Code Division Multiple Access (CDMA) has become one of the 
most promising technologies for radio access networks. CDMA based second-generation mobile 
system IS-95 has displayed some advantages over its competing systems such as Advanced 
Mobile Phone System (AMPS) and Global System of Mobile (GSM) in terms of offering 
enhanced system capacity. In the third generation (3G) system proposals such as Universal 
Mobile Telecommunication System (UMTS) and cdma2000, wideband CDMA has been chosen 
as the main wireless access technology.
Two main features that 3G mobile communication systems promise are higher bit rate services 
and global mobility management. The global mobility is achieved by implementing two 
functional components i.e. location management and handover (HO) [Aky99]. As one of the basic 
features of cellular systems, handover facilitates the continuity of the traffic and signalling flows 
when an active mobile station continues to move and changes its access point to the network. 
Compared to hard handover (HHO) used for example in GSM, soft handover (SHO) is suited to 
CDMA based mobile systems and has become one of the unique features. SHO enables a mobile 
user to communicate with multiple cells simultaneously. In wideband CDMA based 3G systems, 
soft handover will be provided for diverse services and operating scenarios. Proposed' UMTS 
Terrestrial Radio Access (UTRA) network, for instance, can fully handle soft handover 
functionalities. Soft handover provides diversity gains both to and from the mobile stations in 
handover, leading to improvements to the quality of service (QoS).
On the other hand, due to its indefinite nature when making a handover decision and the extra 
radio resources it needs, soft handover imposes complexities to the network design and makes the 
analytical works not straightforward and fairly difficult sometimes. Although tremendous research 
efforts have been put forward on soft handover, its comprehensive implications to the overall 
system performances are not fully understood.
Furthermore, despite the offering of new services and advanced technologies, radio resource 
management in UMTS is faced to the reality of scarce radio resources, costly infrastructure and
1
Chapter 1 Introduction
rigid control mechanisms. In particular, soft handover control in UMTS is based on pre­
determined parameters, which are derived from average statistics in the network planning stage to 
cope with a certain amount of traffic. Once determined, these parameters keep fixed throughout 
the network operations. However, the wireless radio networks are fully dynamic in nature, as the 
system status depends upon the geographical as well as interference variations. More importantly, 
soft handover control in UMTS operates in an isolated manner without interactions to other 
resource allocation schemes such as call admission control (CAC) and power control (PC).
Following the above line of discussion, it appears that there is a great need to further understand 
soft handover procedure and hence to create adaptive and flexible and yet robust soft handover 
mechanisms for UMTS. Provision of such an intelligent mechanism could potentially change the 
old radio network optimisation procedure and achieve better overall system performances. These 
are the main driving forces behind the research work in this thesis.
1.2 Thesis Structure
The thesis is organized in the structure as depicted in Figure 1.1, where it has been shown that the 
entire work is divided into main issues and complementary work. The main issues include 
Chapter 4, 5, 6, 7 and 8 whereas the complementary work consists of Chapter 1, 2, 3 and 9.
Figure 1.1 Thesis structure
2
Chapter 1 Introduction
Chapter 2 outlines the background knowledge of CDMA, UMTS and soft handover. CDMA  
concept is analysed and features of CDMA based mobile systems are described. Furthermore, a 
short overview of evolution to wideband CDMA based UMTS is given and UTRA Network 
(UTRAN) structure is explained, followed by description of soft handover concept, its features 
and how it is implemented in CDMA systems.
In Chapter 3, we review the relevant research works on soft handover in literature. Different 
approaches of modelling soft handover procedure together with main relevant research topics are 
summarised. The scope of the thesis work is highlighted in the end.
Chapter 4 and 5 are dedicated to the research on the impacts of soft handover on two special 
system structures with Chapter 4 focusing on sectored CDMA system whereas Chapter 5 looking 
into hierarchical cell system structure.
The implications of soft handover are comprehensively investigated through Chapter 6 and 7. The 
impacts of those factors related to soft handover itself are studied in Chapter 6, where the 
approaches of constructing thresholds, different handover triggering mechanisms and parameters 
tuning are of our interest. In contrast, Chapter 7 studies the impacts of shadowing cross­
correlation, an important property of propagation environment, on soft handover performance.
In Chapter 8, three novel soft handover algorithms are proposed based on the research on previous 
two issues. The improvements to the overall system performances are demonstrated through 
comparisons with UTRA soft handover algorithm.
Chapter 9 summaries the thesis work by conclusions and finally some ideas for possible extension 
of the work are given.
1.3 Major Contributions
The thesis work includes the following main contributions.
The analytical work on soft handover impacts is extended to hierarchical cell system and 
a method of analysing extra interference introduced by inter-layer handovers is presented.
A novel approach of jointly investigating the impacts of soft/softer handover and antenna 
sectorization in sectored cellular systems is proposed, based on numerical work. The 
softer handover is a special case of SHO that happens between two sectors within the 
same cell.
Implications of using absolute or relative thresholds for soft handover are explicated.
■ The differences between power and SIR triggering mechanisms for soft handover are 
studied.
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The impacts of different soft handover parameters are comprehensively investigated.
» A novel approach of generating multiple auto- and cross-correlated shadowing 
components for dynamic system-level simulator is proposed. It has been verified that both 
correlation properties can be accurately modelled by our approach.
Soft handover performances in the presence of practical cross-correlated shadowing are 
revealed through dynamic simulations.
A novel user positioning assisted soft handover algorithm is proposed and it has been 
shown that its performance outperforms that of UTRAN algorithm.
■ A novel integrated soft handover algorithm is proposed, which improves overall UTRAN  
system performance.
A novel distributed soft handover algorithm is developed and the simulation results have 
shown considerable improvements of system performance over UTRAN algorithm.
■ One patent and thirteen publications have been generated from this work, which can be 
referred in the Publications and Patents section appended at the end of the thesis.
4
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Chapter 2
2  B a c k g r o u n d s
2.1 CDMA towards W-CDMA
2.1.1 Developm ent o f C D M A
CDMA that uses spread-spectrum techniques is a radio access technology applied in digital 
mobile cellular networks. Unlike competing radio access technologies, such as Frequency 
Division Multiple Access (FDMA) and Time Division Multiple Access (TDMA), CDMA does 
not assign a specific frequency or timeslot to each user. Instead, every channel uses the full 
available frequency spectrum. Individual communication links are encoded with pseudo-random 
digital sequences and transmitted at the same time.
Spread-spectrum is a military technology first used during World War II  by the English allies to 
foil German attempts at jamming transmissions. Since then, the research on direct sequence 
spread spectrum systems was carried out in 1950s and 1960s, witnessed by the discovery of Rake 
receiver and research on the well-known near-far effect [Pra98j. It was during the late of 1980s 
that Qualcomm started investigating the feasibility of applying a Direct Sequence CDMA (DS- 
CDMA) technique to cellular mobile systems, which finally in July 1993 led to the 
standardization of world first commercial narrow band CDMA cellular system IS-95, also named 
IS-95A or cdmaOne [Qua03]. The first IS-95 CDMA networks were commercially launched in 
South Korea in 1996. Having reached over 100 million subscribers worldwide today, IS-95 
CDMA has become the fastest-growing of all wireless technologies, particularly in Asia and 
North and Central America, where its main competitor- TDMA based system GSM- has 
traditionally not dominated [Cdg03]. Followed by the successful story of narrow band CDMA, 
wideband CDMA (W-CDMA) has been chosen as the air interface for both European and 
American versions of 3G mobile communications, which, respectively named as UMTS and 
cdma2000, have been standardized by the ITU (International Telecommunication Union) in 1999. 
The chip rate in W-CDMA based UMTS has been fixed as 3.84 Mchips/s in contrast with 1.2288 
Mchips/s in IS-95. Today, W-CDMA is happening. The cdma2000-lx, the first stage of 
cdma2000 was commercially launched in Korea in October 2000 followed by fast developments 
throughout Asia and America. Meanwhile, European countries are struggling to push forwards the
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launch of UMTS services, which finally came to reality in the United Kingdom on the 3rd of 
March 2003, apparently a carefully chosen date [Hut03].
2 .1 .2  C D M A  Concepts
A spread spectrum modulation technique is categorized by two unique features. First, the 
modulation bandwidth must be much larger than the information bandwidth i.e. the information 
signal is spread in frequency domain. Second, the modulation bandwidth is independent of the 
information bandwidth [Pic82]. The Second feature confronts such modulation techniques as 
frequency modulation (FM) and phase modulation (PM) with spread spectrum technique.
1) Before 
spreading
2) After 
spreading
3) Multiple 
access
4) De-spreading
Figure 2.1 Basic concept of DS-CDMA
In DS-CDMA, each user is allocated a unique code sequence that it uses to encode and spread its 
information-bearing signal to a much wider bandwidth. The receiver, knowing the code sequence 
the user in interest uses, receives and recovers the original information of the user. This becomes 
possible provided that the cross-correlations between the code sequences of desired user and other 
users are very small. This low cross-correlation property suppresses the multiple access 
interference (MAI), depending normally upon the ratio of transmitted bandwidth to original signal 
bandwidth, which is generally referred to as processing gain. Figure 2.1, where it assumes that 
only two users are in the system and user 1 is in interest, briefly explains the basic concept of DS- 
CDMA. It can be seen that the information codes of two narrow band users are spread by different 
high-speed code sequences. The two spread signals are then transmitted at the same time over the 
same radio carrier, as normally referred to as multiple access technique. At the receiver, a local 
code sequence identical and synchronized to the original one used by user 1 will de-spread and
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the data will be recovered. User 2 remains in a spread form, as the wrong code sequence results in 
another high rate signal.
2.1 .3  D S -C D M A  Features
DS-CDMA exhibits numerous unique features from other multiple access technologies such as 
TDMA and FDMA. Most of these features are advantageous whereas some such as the 
requirement for power control are negative.
■ No need for frequency management: Due to scarce available frequency spectrum, 
frequency management is an important task for TDMA and FDMA systems where 
frequency earners are reused to enhance the spectrum efficiency. In order to reduce the 
other cell interference, cells using the same frequency carrier have to be separated far 
enough. In DS-CDMA system, however, this is not needed as all the cells use the same 
frequency carrier.
Interference rejection capability: The narrow-band interference will, when dispreading at 
receiver is performed for desired user, be spread, making it appear as background noise 
within the information bandwidth compared to the de-spread signal.
Low probability of interception: Because of its low power density, the spread spectrum 
signal is difficult to be detected and intercepted by hostile listeners.
Privacy: The transmitted signal, even being detected, can only be de-spread and the data 
recovered if the code sequence is known to the receiver.
• Soft capacity limit: In a DS-CDMA system, the maximum number of users supported in a 
cell is decided by the total interference level, rather than fixed number of frequency 
carriers or timeslots as in FDMA and TDM A systems, respectively. As all users use the 
same frequency to communicate and they form M A I to others, the interference level will 
increase with increasing number of users. However, the system can degrade the 
performance of all users when users increase and improve the performance when users 
decrease. In another word, there is no absolute limit of users supported in a cell, which 
normally is referred to as soft capacity.
Rake receiver to provide multipath gain: In a radio channel, there exist multiple 
propagation paths between a receiver and transmitter due to reflections and refractions. 
They are all copies of the same transmitted signal with different amplitudes, phases and 
delays. If  the paths arrive more than one chip apart from each other, the receiver can 
resolve them by a Rake receiver that consists of a number of fingers. Each finger is 
actually a correlator and deals with one multipath component. The multipath components
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are then de-spread and combined using, for example, maximum ratio combining (MRC). 
By doing this, a diversity gain is provided to the signal performance.
■ Fast power control to counter near-far problem: The requirement for fast power control in 
uplink (UL, from user to base station direction) is the most serious negative aspect of a 
DS-CDMA system. Due to the propagation mechanism, the signal received by the base 
station (BS) will be strong from a close mobile station (MS or UE meaning user 
equipment), resulting in much interference to other users, in particular, the ones near cell 
boundaries. Hence, the distant users will be dominated by the close users in terms of 
signal quality. This problem is well known as near-far effect. Fast power control is one of 
the solutions to this problem. Fast power control tries to control the transmission power of 
each user such that all the users will be received at required signal to interference ratio 
(SIR) or average power at BS receiver, no matter where the users are located. This power 
control operation normally is performed periodically on a short-term basis, for instance 
0.6667 ms in UMTS.
Exploitation of soft handover: In a cellular system, when a user travels from one cell to 
another during the communication, a handover is needed to change its access point to the 
network. This is normally referred to as handover. The universal frequency reuse and 
Rake receiver enable soft handover in a DS-CDMA system, where a user can connect to 
two or more BSs before it completes the handover procedure. This feature eliminates the 
short interruption to the communications when a normal handover is applied. More 
important, it provides signal diversities in both uplink and downlink (DL, from BS to user 
direction).
Exploitation of sectored/directional antennas: Using sectored antennas is one of the most 
effective techniques to reduce interference in CDMA systems and to improve the capacity 
in both uplink and downlink.
2 .1 .4  E vo lu tion  to T h ird  G en eration
Generally, the first generation of mobile cellular system corresponds to FDMA systems based on 
analogue modulations. The second generation, including GSM and cdmaOne, is a family of 
mobile systems employing digital modulations. The need for global integration and 
interoperability of existing second generation systems as well as the need for further development 
of these systems to support high-speed Internet and multimedia services, have resulted in the 
standardization procedure of 3G mobile systems. The definition of 3G accepted universally is the 
one published by ITU that, working with local standardisation bodies from around the world,
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defines and approves technical requirements and standards as well as the use of spectrum for 3G 
systems under the IMT-2000 (International Mobile Telecommunications -2000) program [Itu03].
The ITU  requires that IMT-2000 (3G) networks, among other capabilities, deliver improved 
system capacity and spectrum efficiency over the 2G systems and support data services at 
minimum transmission rates of 144 kbps in wide area mobile environment and 2 Mbps in fixed or 
in-building environments [Cdg03].
2.1.5 M a in  3 G  Proposals
Based on these requirements, in 1999 ITU approved five terrestrial air interfaces for IMT-2000 
standards, namely Direct Sequence (IMT-DS), Time Code (IMT-TC), Single Carrier (IMT-SC), 
Multi-Carrier (IMT-MC) and Frequency Time (IMT-FT). Apart from FT and SC, the rest of the 
air interfaces are all based on W -CDMA technique. The development of 3G proposals for 
terrestrial systems have been done in parallel in parts of the world by different standardisation 
bodies such as the European Telecommunications Standardisation Institute (ETSI) in Europe, the 
Telecommunications Industry Association (TLA) in the United States, the Associate of Radio 
Industries and Businesses (ARIB) in Japan, and the China Wireless Telecommunication Standard 
group (CWTS) in China. The main proposals to IMT-2000, their air interfaces and the 
organizations are illustrated in Table 2.1.
Table 2.1 Main IMT-2000 proposals
Proposed 
3G system
IMT-2000 
Air interface
Organization
FDD
UTRA
IMT-DS ETSI/3GPP
TDD IMT-TC ETSI/3GPP
UWC 136 IMT-SC TIA
cdma2000 IMT-M C TIA/3GPP2
DECT IMT-FT ETSI
TD-SCDMA IMT-TC CWTS
2.1.6 3GPPs
Third Generation Partnership Project (3GPP) is created by Standards Developing Organisations 
(SDOs) as a type of joint venture [3gpp03]. It is a collaborative agreement between SDOs and 
other related bodies for the production of a complete set of globally applicable technical 
specifications and reports for a 3G system evolved from GSM core network and based on W-
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CDMA, which includes Frequency Division Duplex (FDD) and Time Division Duplex (TDD) 
modes.
Similarly, the Third Generation Partnership Project 2 (3GPP2) is built in parallel, which is a 
collaborative 3G telecommunications specifications-setting project comprising North American 
and Asian interests in developing global specifications for the Radio Transmission Technologies 
(RTTs) supported by ANSI/TIA/EIA-41, such as cdma2000.
2.2 UTRA Network
2.2.1 Concept o f U M T S
UMTS is a 3G mobile communications system that is being developed as an evolution from the 
existing GSM system. The general system architecture of UMTS consists of the UE, UTRAN and 
a Core Network (CN). Furthermore, it involves two general interfaces: the Iu interface between 
UTRAN and CN and the Uu (radio) interface between UTRAN and UE, as shown in Figure 2.2 
[3gpp02]. The UTRA air interface is based on the combined use of Japanese W-CDMA and 
European TD-CDMA technologies. The spreading chip rate for UTRA is extended to 3.84 Mcps 
compared to 1.2288 Mcps in narrowband IS-95. One original feature of the UTRA concept is the 
existence of two different modes, FDD and TDD, each based on a different but related access 
technology. UTRA FDD is a pure DS-CDMA system where the orthogonality between two 
different air connections is ensured by codes, whereas TDD mode includes an additional TDM A  
component.
Figure 2.2 General architecture of UMTS
2.2 .2  U T R A N  A rch itec tu re
The architecture of UTRAN is depicted in Figure 2.3 where it can be seen that the UTRAN  
consists of a set of Radio Network Subsystems (RNSs) connected to the CN through the Iu 
interface. A RNS consists of a Radio Network Controller (RNC), one or more Node-Bs and 
optionally one Stand-Alone SMLC (SAS), where SMLC stands for Serving Mobile Location
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Centre. Regarding the UE positioning method, the RNC may have full internal support for this 
function and/or may be connected to one SAS via the Iupc interface.
A Node-B is connected to the RNC through the Iub interface and consists of one or more base 
stations (sectored system). A Node-B can support FDD mode, TDD mode or dual-mode 
operations. There are two chip-rate options in TDD mode, 3.84 Mcps TDD and 1.28 Mcps TDD. 
Each TDD cell supports either of these options.
Within the UTRAN, the RNCs can be interconnected together through the Iur interfaces that can 
be conveyed over direct physical connections between RNCs or virtual networks using any 
suitable transport network [3gpp02].
Handover decisions are made in RNC along with the support of signalling flows to and from the 
UE. A RNC includes a function block combination/splitting information streams in order to 
support soft handover.
Figure 2.3 UTRAN architecture
2.2.3  C om m on P ilo t C hannel
In UTRAN, uplink and downlink consist of a set of common and dedicated physical channels. 
Among them, the Common Pilot Channel (CPICH) in downlink is a fixed rate channel that carries 
a pre-defined bit/symbol sequence. CPICH can be used by the terminal equipments to perform 
searching and identification as well as channel tracking and estimation and possibly to aid 
acquisition. CPICH is transmitted continuously (100% duty cycle). The base station always 
transmits one CPICH broadcasting over the entire cell, which normally is referred to as the 
Primary CPICH or P-CPICH. The base station may transmit additional CPICHs, named
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Secondary CPICHs or S-CPICHs, to be used in supports of transmit antenna diversity techniques 
or spot beams.
In particular, CPICH can be used for UE to perform the following functionalities.
Handover and soft handover measurement: When a UE is active in communications, it 
periodically measures CPICHs from surrounding cells. The measured results will be sent 
to a handover algorithm to decide whether a handover action needs to be taken. Similar 
measurement procedure is performed in soft handover case.
UE location positioning: Some UE location positioning techniques require measurements 
from CPICHs. For example, the positioning method of Time Difference of Arrival 
(TDOA) is a technique that requires the UE to detect at least three base stations and 
measure the time difference of arrivals of each pair of CPICHs.
2.3 Soft Handover for UMTS
2.3.1 H an d o ver D e fin itio n
Handover refers to the procedure where an active user has to change its access point to the 
network from one radio channel to another, when it continues to move during the communications 
and reaches a point where the current serving channel cannot provide sufficient signal coverage 
and/or other channels/cells/networks can provide better signal coverage.
The aim of handover is to facilitate the continuity of the traffic and signalling flows during 
communications. For instance, handovers between cells within the same network are essential to 
provision of seamless data delivery to and from users. Moreover, the inter-system handover e.g. 
handover between 2G and 3G systems, ensures global coverage and mobility as well as the 
integration and interoperability of different existing and future mobile and fixed wireless systems, 
which has become increasingly vital in the future.
2 .3 .2  H a rd  H an d o ver and Soft H an d o ver
There exist two different ways of performing handovers in existing mobile systems, namely hard 
handover and soft handover that was invented by Gilhousen et al in 1992 for IS-95 system 
[Gil92]. In hard handover e.g. handover in GSM, the mobile station keeps the connection to only 
one base station at a time and breaks the connection to the serving base station immediately 
before making the new connection to the target base station. Therefore there exists a short period 
of disruption to the communications during hard handover. It can be seen that a ‘hard’ decision of 
target base station has to be made before the handover procedure takes place.
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Whereas in soft handover e.g. the intra-frequency handover in IS-95, the mobile user can enter a 
‘soft handover’ state where together with its serving cell, one or more potential target cells are 
included into connections to the user and the communication is kept to all these cells 
simultaneously for a period of time, before giving up the worse links. Thereafter, a ‘soft’ decision 
is made before the network can really decide which cell the user needs to handover. When 
referring to soft handover, a mobile user’s active set (AS) is normally defined to indicate a set of 
cells involved in the soft handover with respect to the mobile user. It is understood that when a 
user is not in soft handover, its active set number is one. From this point of view, hard handover 
can be explained as a special case of soft handover, where a user’s active set number maintains 
always one or none (during the short disruption to the communications when doing handover). 
Figure 2.4 explicitly shows the difference between hard and soft handovers and their 
corresponding active sets.
B S l BS2
(1) Before HHO: AS = {BSl}
B S l BS2
UE
(3) After HHO: AS = {BS2} 
a: H ard  h an d over p roced u re
(1) Before SHO: AS = {BSl}
(2) In SHO: AS ={BS1, BS2}
(3) After SHO: AS ={BS2} 
b: Soft h an d over p roced u re
Figure 2.4 Difference between hard and soft handovers
In a sectored system, two special cases of soft handover exist. A softer handover is defined as a 
scenario where two or more sectors from the same cell are involved in the communications with a 
single user, whereas soft-softer handover refers to the case where at least two sectors from the 
same cell and another sector from a different cell are involved in soft handover.
As a unique feature of CDMA based mobile system, soft handover technique demonstrates 
numerous advantages as follows over hard handover.
Without creating any hole in communications, soft handover eliminates the short 
disruption of speech that exists during a hard handover procedure.
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• Hard handover suffers from the ping-pong effect of a call getting repetitively switched 
back and forth between two cells when the mobile user is near a cell border, which 
increases the chance of a call getting dropped and imposes a huge amount of signalling 
loads to the network. Soft handover is able to alleviate this problem to some extent.
In order to alleviate ping-pong effect and to reduce handover number, normally in hard 
handover, a hysteresis value is used, which means that handover happens only when the 
target cell is better than the serving cell by a hysteresis [Mur91]. This, however, 
introduces handover delay resulting in the user not being able to communicate with the 
best base station instantly. Soft handover procedure eliminates this problem by adding 
mature target cells that are not necessarily stronger than the serving cell to the 
communications with the user.
A call can be in soft handover with multiple cells at the same time. Therefore, the chance 
of losing the connection is greatly reduced.
Allowing a user to connect to multiple base stations, soft handover provides signal 
diversities in both uplink and downlink. Signal combining techniques therefore can be 
used to improve the link qualities. This improvement can be feasibly translated into the 
extension of cell coverage in the downlink or the reduction of required UE transmission 
powers in the uplink.
Compared to hard handover, soft handover possesses two main disadvantages, namely the 
complexity for implementation and the increased interference in downlink due to multiple 
channels needed to support a user in soft handover.
Soft handover is well suited to CDMA based mobile systems. As described, a soft handover user 
is required to have the ability to receive multiple signals simultaneously and take advantages of 
signal combining. Providing a single-mode receiver, this requirement excludes the possibility of 
applying soft handover in FDMA and TDMA systems. In contrast, in CDMA systems, two unique 
features ensure the feasibility of using soft handover. Firstly, the intrinsic feature of CDMA 
systems i.e. the universal frequency reuse pattern enables a single receiver to receive multiple 
signals. Secondly, signals from different base stations can be feasibly combined using Rake 
receiver that was originally designed to pick up isolated multiple paths to combat fast fading 
[Pro89]. Apart from these two features, soft handover makes power control scheme work 
efficiently due to the fact that soft handover can guarantee the mobile station to be power 
controlled by the best base station in most cases [Wan97].
A soft handover procedure involves three phases, namely detection, decision-making and 
execution. In the detection phase, the mobile station detects candidate bases stations by measuring 
the signal power or Ec/I0 (chip energy to total interference density ratio, it is the same as SIR in
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value) of pilot channels. In the second phase, either the mobile station or the network makes a 
decision of whether a base station needs to be moved in or removed from soft handover by 
employing a specific soft handover algorithm. In the execution phase, the network must allocate 
new resources for the new connection and perform any additional routing operations to deliver the 
data and signalling to the new link.
2 .3 .3  S o ft H a n d o v er  B eh a v io u rs
Soft handover behaves differently in uplink and downlink. In uplink, only one transmitter or link 
is needed while multiple cells receiving the same copy of transmitted data. In contrast, in 
downlink, multiple links have to be set up to transmit the copies of the same data flow to a single 
mobile user. Moreover, the combining techniques used in uplink and downlink are different.
In uplink, when multiple cells are involved in soft handover, a selective combining (SC) is applied 
on a frame basis, as Node-Bs are located in different places and not directly connected to each 
other. The received signals are decoded and delivered to RNC, where the best frame from 
multiple Node-Bs is selected frame by frame. This process can be depicted in Figure 2.5, where 
two cells are involved in soft handover and Path i,m indicates the m th multipath from UE to cell i, 
i = 1 or 2.
RNC
Figure 2.5 Soft handover in uplink
In softer handover, MRC can be performed, benefiting from the fact that receivers of the sectors 
from the same cell are collocated. In another case of soft-softer handover, MRC will be performed 
for the same cell sectors before SC is performed together with other sectors.
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It can be seen that no extra link is needed in uplink to support soft handover and hence no extra 
interference is introduced to other users. Therefore, the signal diversity brings pure gain in link 
quality, which can be feasibly translated into the reduction of UE transmission power by means of 
power control.
The implementation of soft handover in downlink is shown in Figure 2.6 where the receiver at UE 
with a four-fingered Rake applies MRC to combine the strongest multipaths from multiple cells 
involved. The result of MRC is the summation of received Ei/I0 (bit energy to total interference 
density ratio) of all picked paths [Lee98b].
Multipaths from BS1
V 4 = E (V U '1=1
Figure 2.6 Soft handover in downlink
The impact of soft handover on downlink signal quality is not straightforward as on uplink. To 
explain this, we can consider a simple scenario where two users of 1 and 2 are collocated at the 
same place exactly in the middle of two cells of 1 and 2. In case of no soft handover, it can be 
assumed that user 1 and 2 are connected to cell 1 and 2 respectively, and they receive the same 
signal powers of s from both base stations. Hence, the link qualities in SIR of these two users are 
the same and can be expressed as:
SIR„osho= ^ T -  (2-1)
S + I„u
where I a u  represents the interference from all other downlink channels in the system as well as 
background noise, excluding links to the two users in interest.
Assuming that user 1 now is in soft handover with cell 1 and 2, receiving the same power of s 
from both while user 2 is still connected only to cell 2, we can then derive the resulting downlink 
SIR for the two users as the following equations, respectively.
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SIR , —-------------1-------------—--------------  (2.2)
2 s +  l M 2 s  + 1 m s + Ia
S IK ,^ = 7 — T  (2-3)
2 s + I „ ll
It is obvious that compared to the case of no soft handover, although total downlink interference 
level increases, the link quality of soft handover user is improved due to signal combining 
whereas the SIR of non-soft handover user becomes worse due to interference from the extra 
downlink channel. In another word, soft handover introduces controversial impacts on downlink 
signal quality. Furthermore, it is hard to predict soft handover impact on the average downlink 
SIR, as it heavily depends upon the ratio of soft handover users as well as the power control 
scheme applied.
2 .3 .4  S o ft H a n d o v er  A lg o r ith m s
A soft handover algorithm is responsible for maintaining the user’s active set during the 
communications. As it can be seen, a soft handover procedure involves adding target base stations 
into the communication and removing poor links from the active set. It therefore becomes nature 
that a soft handover algorithm has to comprise two thresholds, namely adding threshold (T_ADD) 
and dropping threshold (T__DROP). In general, a soft handover algorithm can be described by the 
following two events of active set update.
Event of add: If measured pilot quality (signal power or Ec/I0) from a surrounding cell is 
higher than T_ADD, the cell is added in the active set.
Event of drop: If the pilot quality from a cell in the active set falls below T_DROP 
continuously for a period of time T, the cell is removed from the active set.
It has to be noted that T_DROP should be always lower than T_ADD to ensure that the base 
stations added have better quality than those removed. The difference between them normally is 
referred to as soft handover window [Won97, Sei94]. The T is called time-to-trigger that is 
introduced in order to avoid mistakenly removing a strong link which may have a weak 
measurement sample due to a short period of fading to the propagation.
There exist three practical SHO algorithms used in IS-95, cdma200 and UMTS respectively. The 
simple descriptions of them are given as follows. In Chapter 6, these three algorithms will be 
further discussed and their performances will be evaluated and compared.
■ IS-95 algorithm: In IS-95 system, the soft handover algorithm is relatively complex, in
the sense that it has to maintain four different sets of the users, i.e. active, candidate, 
neighbour and remaining sets. Algorithm in IS-95 uses fixed T_ADD to add cells to
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candidate set from neighbour or remaining sets, and adds cells from candidate set to 
active set if they are stronger than any active set cell by T_COMP. Cells from active or 
candidate sets are removed to neighbour set if they fall below fixed TJDROP for T time.
* cdma2000 algorithm: The cdma2000 algorithm works in a similar way as IS-95 
algorithm. It improves IS-95 one by replacing T_COMP with a dynamic threshold, which 
is a linear function of pilot strengths of all active set cells, and removing cells from active 
set to candidate set if they fall below a similarly designed dynamic threshold for T time 
[Tia98].
■ UMTS algorithm: Defining only two different sets of active and monitored, 
UMTS/UTRA soft handover algorithm is more simplified and easier to manipulate. Cells 
are added to active set from monitored set by comparing T_ADD and removed from 
active set to monitored set by using T_DROP.
2 .3 .5  S o ft H a n d o v er  M a n ife sta tio n s  in  U T R A N
There exist various manifestations of soft handover supported by the UTRAN architecture, 
namely intra Node-B, intra RNS and inter RNS soft handovers [3gpp99d].
Intra Node-B soft handover refers to the scenario where the radio session hands over from one 
cell to another, both within the same Node-B. hi this case, the uplink signal combining/splitting 
occurs at Node-B.
Intra RNS soft handover refers to the scenario where the radio session hands over from one cell to 
another that is within different Node-B but both Node-Bs are within the same RNS. This case 
involves a change of Node-B, thereafter, the uplink signal combining/splitting occurs at RNC.
In inter RNS soft handover, the handover still occurs within the UTRAN, but is now between 
cells under the control of different RNCs. The scenario can be split into two phases -  handover 
and SRNS relocation. A SRNS or Serving RNS is in charge of the Radio Resource Control (RRC) 
connection between a UE and UTRAN. There is one SRNS for each UE that has a connection to 
UTRAN and SRNS connects to CN with Iu interface. In comparison, Drift RNS or DRNS refers 
to a RNS that supports the SRNS with radio resources when the connection between the UTRAN 
and UE needs to use cell(s) controlled by this RNS [3gpp99e]. There may be multiple DRNS 
involved in a inter RNS soft handover, and they are connected to SRNS by Iur interfaces. Figure 
2.7 depicts the two phases of a possible inter RNS soft handover, where the SRNC and DRNC are 
defined as RNCs within SRNS and DRNS, respectively and N/Ap stands for network access 
point. It can be seen that handover phase includes steps of (1), (2) and (3) whereas SRNS 
relocation phase involves steps of (3) and (4) where Iur interface to CN is changed to the new 
SRNS.
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Figure 2.7 SRNS relocation in inter RNS soft handover
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C h a p t e r  3
3  R e l e v a n t  R e s e a r c h  R e v i e w
Since its first application in IS-95, soft handover has been a hot topic in research because of its 
suitability for CDMA based mobile systems and its great impact on the system performance and 
capacity. Tremendous research efforts have been seen in literature recently focusing on various 
topics such as the impact of soft handover on system performance and enhanced soft handover 
algorithms. Before we make a brief review of the literature related to our work, it is important to 
understand different approaches of modelling soft handover in the research.
3 .1  S o f t  H a n d o v e r  M o d e l l in g
Three main approaches of modelling soft handover procedure have been emerged in research i.e. 
analytical, simulation and experimental modelling.
3 .1 .1  A n a ly tic a l M o d e llin g
It is very difficult if not impossible to model in analytical works a practical soft handover 
procedure such as that in IS-95 and UTRAN systems. The reasons can be identified as follows.
Soft handover is closely related to user’s mobility profile. However, it is hard to model 
mobility particularly when it is random, which normally is the case in practice.
The time-to-trigger, which is used in order to avoid mistakenly removing strong cells 
from active set, suggests that soft handover procedure has a nature of latency, i.e. the 
event of drop depends upon previous system states.
Soft handover window brings uncertainty to identifying whether a pilot is in the active set 
or not when its measurement is located between T_ADD and T_DROP. It becomes 
extremely hard to solve this problem in the presence of multiple cells.
The complexity of maintaining a user’s active set that might be related to other three 
different sets in IS-95 and cdma2000 systems thwarts a feasible modelling approach in 
analytical works.
The statistics of pilot quality in SIR or Ec/I0 are difficult to be derived especially in the 
presence of multiple cells.
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Therefore, various methods have to be exploited in order to simplify a soft handover procedure 
before it actually can be modelled in analyses. The following approaches are adopted to tackle the 
aforementioned problems.
■ User’s mobility is not modelled 01* when modelled is deterministic and simple. In most 
analytical works, mobility is not considered and the users are assumed uniformly 
distributed over the region [TchOl, PilOl]. In [LeeOO], all users are categorized into 
‘stationary or ‘moving’ groups, using only the ratio of stationary users to all users to 
indicate a simple user mobility pattern. A typical two-cells analytical model is applied in 
[Zha98a], where a single user moves with a constant velocity from one cell to another, 
following a direct line between the two base stations.
Except [Zha98a], the time-to-trigger is not modelled in analytical works. [Zha98a], using 
the two-cells model and assuming that a single user is initially connected to cell 1 when it 
moves directly to cell 2, succeeds in counting the impacts of time-to-trigger. This 
becomes possible, since the authors use a chain-product approximation for a joint 
probability where a weak condition in the probability of removing a cell from active set is 
discarded.
■ Modelling adding and dropping thresholds has only been seen in the two-cells model 
[Zha98a, ChaOl] where the initial active set can be determined. In other works, such 
thresholds are not modelled. For instance, soft handover is modelled as a special case of 
hard handover in [Cho95] by setting the hysteresis for hard handover to zero. Other works 
simply assume that a user is in soft handover if it is located in a predefined soft handover 
region [Su96, PaiOl].
Four sets as in IS-95 and cdma2000 are not modelled. Instead, a cell either is or is not 
involved in the active set. Moreover, most works consider two-way soft handover i.e. 
only two cells are in the active set for soft handover users.
In analytical works, when actual thresholds are used, soft handover algorithm is normally 
based on pilot signal power rather than Ec/I0, as shown in [Zha98a, ChaOl].
In summary, soft handover procedure has to be modelled in a very simply way in analytical 
works. A simple yet typical method of evaluating soft handover performance is to use a two-cells 
model where only two cells and one user are considered. In this case, a predefined simple 
mobility model and thresholds of T_ADD and T_DROP can be included. Not able to consider 
other cell interference, the criterion of performing handover in this model has to be based on 
received signal power. This model is further extended to include four cells in [PraOO, KimOla]. 
Another common approach of modelling soft handover is to define a regular region within a cell 
and assume that users are in soft handover if located in such a region and are not if otherwise. The
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simplest way to do this is to define the entire cell as soft handover region, which normally is used 
to analyse uplink performance and assumes that a user is connected to the strongest cell [Vit94, 
Has99], A variant applied in multiple cells scenario is to define a circular region within a 
hexagonal cell as non-soft handover region as shown in Figure 3.1 (a) [Lee98a]. This again has 
been simplified by converting the entire cell into a circular region, under the condition that they 
keep the same area [Che02a, NagOO], as depicted in Figure 3.1 (b).
[1~| Soft handover region 
| ] Non-soft handover region
3^ 3 R2 =7tR„
Figure 3.1 Explanation of soft handover region
By defining soft handover region as the entire cell or part of the cell, another analytical method of 
modelling soft handover can be derived where new calls and soft handover calls are modelled as 
Poisson arrival processes. A fixed channel number in each cell has to be assumed and it is further 
assumed that when arrived, a soft handover call will occupy two channels, each from the serving 
cell and target cell. Research works exploiting this method mainly focus on the performances of 
call blocking rate and forced termination probability that is resulted from failed soft handover 
requests due to lack of spare channels in the target cell [Kim99, LinOOa, PilO 1 ].
3 .1 .2  S im u la tio n  M o d e llin g
In the simulation approach, accurate modelling of soft handover procedures as in practical 
systems can be achieved. The simulator should be supported by some essential functional 
modules such as a system deployment consisting of multiple cells, a properly designed mobility 
model and a traffic generation model. Such a system-level simulator is able to carry out research 
such as handover parameter tuning and validation of proposed novel algorithms. Again, for those 
works not concentrating on soft handover algorithm itself, a simplified version might be used. For 
instance, IS-95 and cdma2000 algorithms are often modelled with only two sets i.e. active and 
non-active sets [Chh99] and IS-95 algorithm is simplified to the one based on two fixed 
thresholds [HonOl]. Another common way is to use a soft handover window threshold (it is 
different from the soft handover window defined in Section 2.3.4) and not to include the impact of 
time-to-trigger. The soft/softer handover user simply connects to the base stations within the
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window threshold. In this case, the maximum active set size normally is limited to two i.e. only 
two strongest pilots are taken into account and they are both in the active set if the difference 
between them is less than the window defined [AkhOl, Wan93]. This modelling method has been 
recommended for UMTS concept evaluation [Etsi97].
Apart from system-level simulations, investigations in soft handover performances have been 
carried out on link-level. In this case, normally two channel models are employed and they are 
assumed in soft handover already [Sip99, Ata97, Aks98].
3 .1 .3  E x p er im en ta l M o d e llin g
Numerous works have been carried out recently on the performances or impacts of soft handover 
by experimental measurement or analysis of field-testing data. Due to their experimental nature, 
these works are able to give reliable results and conclusions.
However, there are some limitations when modelling soft handover in experiments. Firstly, 
because of the practical difficulties, the data sets achieved from field tests where only limited 
number (normally two or three) of base stations are involved, are limited. Secondly, due to the 
complexity introduced by time-to-trigger, its impact is simply ignored in all the works. Thirdly, in 
most of the tests, only samples of received signal power are available. Therefore, in some works 
[Liu02, MorOl, YamOO], soft handover algorithms have to be based on the pilot signal power. In 
other works where soft handover is based on SIR, an extra simple interference source is modelled. 
For instance, in [Lai99] where the data are from the tests in a real GSM network, the other cell 
interference is modelled as an extra signal with fixed power. [Sim93, JovOO] model the other cell 
interference simply as the one received from other limited base stations in the experiments. 
Finally, a simple soft handover algorithm has to be applied, which commonly is a simplified IS-95 
algorithm with fixed thresholds [Lai99, JovOO, YamOO] or the one using soft handover window 
threshold [Liu02, Sim93, MorOl].
3 .2  R e s e a r c h  O v e r v ie w
Based on abovementioned modelling approaches, tremendous efforts have been made to the 
research on soft handover, mainly focusing on the following topics.
3 .2 .1  S o ft H a n d o v er  S ta tistic s
This category of research mainly concerns about understanding the complexity and performance 
of soft handover, evaluating soft handover algorithms under different system conditions and 
tuning soft handover parameters.
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Based on defined regular soft handover regions, some analytical works have been put forward to 
understand soft handover performances [Su96, Che02a, PilOl]. On the other hand, soft handover 
procedure is complex in nature and becomes more complex in 3G systems, as both cdma2000 and 
UTRA suggest to use double relative thresholds based soft handover algorithms. Moreover, the 
propagation environments become more sophisticated and fast changing, for instance in city grids 
and inter-layer systems. Therefore, well-designed system-level simulations are relied on to 
disclose the complex behaviours of soft handover procedures under different system conditions. 
As an example, the work of [HonOl] concentrates on soft handover performances with various 
propagation conditions presented by different path-loss exponents, shadowing fading variations 
and correlations between sites. In [WanOl], the authors investigate soft handover performance in 
3-sectored and 6-sectored systems, and find that the percentage of soft handover users is higher in 
6-sectored system whereas the average active set number in the 3-sectored system is more. 
Furthermore, two algorithms used in practical systems of IS-95/IS-95A/cdmaOne and IS-95B are 
compared through simulations and it is found that the latter outperforms in various aspects 
[Chh99, HomOO].
Soft handover performances in micro-cellular systems have also been investigated. [Sei96] first 
points out that in a Manhattan-like city environment, the steep degradation of signal strength, 
happening when a user turns into a street comer, needs a fast handover decision. Therefore, the 
relative signal strength between the current and previous signal samples is used to assist handover 
decision-making. In [PacOO], a comprehensive system-level simulator is applied to emulate the 
impacts of soft handover in both vehicular and micro-cell environments. Both uplink and 
downlink are considered and the results are compared to hard handover case. It is shown that soft 
handover improves radio spectrum efficiency and the system capacity is limited by uplink for 
symmetric voice service.
One of the reasons soft handover is more complex to implement than hard handover is that 
finding optimum settings for various soft handover parameters to meet the requirements of system 
performances is difficult. Relevant research on the performance trade-off and parameters tuning 
of soft handover algorithms has been mostly in the form of simulations. For example, [HonOO, 
BerOO] concentrate on the impacts of different settings of adding and dropping thresholds, where 
soft handover algorithms based on absolute and relative thresholds are simulated, respectively in 
their works. Similar work of [LuoOO] investigates the effects of different time-to-trigger and 
claims that the setting of such a parameter is a trade-off to soft handover performance.
3 .2 .2  B en efits  fro m  S o ft H a n d o v er
Attempts have been made in recent years to try to quantify the various benefits obtainable with 
soft handover over hard handover. The authors generally define such quantitative benefits as soft
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handover gains. Therefore, soft handover gain has gradually become a confusing term indicating 
any benefit soft handover brings against hard handover. This gain could be defined as the link 
diversity gain, system capacity gain, reduction of transmission powers, increase in power control 
headroom or the reduction of fade margin, as shown in the following works mentioned.
The first systematic analysis of soft handover benefits over hard handover was introduced in 
[Vit94], where one of the main benefits is alleged to be fade margin improvement, which is 
defined as the reduction of base station transmission powers and can be easily translated into the 
cell coverage extension in downlink. Fade margin improvements of 6.5 and 4.1 dB over hard 
handover are reported in the cases of independent and 0.5 cross-correlated shadowing terms, 
respectively. In this paper, it is assumed that a user in hard handover system is connected to the 
nearest cell whereas in soft handover system, it is connected to two nearest cells. Later works 
have found that this improvement might be over-estimated. By modelling soft handover as a 
special case of hard handover with hysteresis equals to zero and considering handover delay, 
[Reg95] suggests that a value around 2 dB is suitable in fade margin difference, using a similar 
analysis method. Simulation work in [Cho95] compares GSM and CDMA handover schemes in 
terms of cell coverage. A 2.6-3.6 dB improvement to the fade margin is observed due to soft 
handover. [BinOO] further claims that the coverage extension can increase if a high soft handover 
window threshold is used.
However, in downlink, soft handover also has a negative effect introduced by extra interference 
from additional channels. Jointly considering the advantages and disadvantages of soft handover 
in downlink, [Lee98a] finds that there is only a small percentage of about 1% in downlink 
capacity loss. The authors also argue that this loss will not affect the overall system capacity, 
since downlink capacity is normally higher than that of uplink [Gil91]. Furthermore, [BinOO] 
points out that downlink benefit obtained from link diversity might be nullified if too many users 
are involved in soft handover. [Che02a] further explicitly explains that with perfect power control, 
there exists an optimum size of soft handover region, which leads to the highest downlink 
capacity, and compared to hard handover case, the capacity gain could be as high as 5%.
In principle, CDMA system is interference-limited. The uplink multi-user interference is generally 
considered as the limiting factor of the overall system capacity. Due to signal diversity and no 
need of extra links, soft handover in uplink brings pure gain in terms of capacity improvement or 
alternatively the interference reduction. In the early work of [Vit93], the authors declares that 
coupled with power control, soft handover increases uplink capacity by a factor of better than 2 
i.e. 3 dB. This value is roughly matched to the results reported from [Cas02] and [StaOl], where 
simulation approaches are adopted.
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Other definitions of soft handover gain are also seen in literature. In [Sip99], where two downlink 
channels are involved in link-level simulations, the authors interpret soft handover gains as the 
reduction of UE transmission power, the increase in Node-B received power and the increment in 
power control headroom. The results show that the gains in power will reduce when the level 
difference between soft handover links keeps increasing, and there is no gain when the difference 
is up to 10 dB. Furthermore, it is observed that the gain in power control headroom increases with 
higher user speed (maximum Doppler frequency). Other work like [LinOOa] compares hard and 
soft handover in terms of gain in call incompletion probability.
3 .2 .3  N o v e l S o ft H a n d o v er  A lg o r ith m s
Numerous research works have been put forward on constructing novel soft handover algorithms 
in order to improve the system performances.
The fixed thresholds and parameters in a soft handover algorithm limit its flexibility and hence 
efficiency. Thereafter, it is natural to exploit adaptive thresholds based algorithms. In some works, 
the adaptive thresholds are achieved with the assistance of extra information such as base station 
total transmission power [Hwa97] and user positioning information [Yap02]. The adaptive soft 
handover in [Lee99] reduces blocked calls in hot-spot cell by reducing its handover region. The 
extent of handover region reduction is determined jointly by the amount of other-cell interference 
and the extent of traffic congestion in hot-spot cell.
Also advanced coding schemes can be used to improve soft handover performance. [KimOlb] for 
instance, proposes that different punctured turbo codes, instead of the same encoded bit streams, 
can be employed for channels involved in soft handover. A gain of 0.4 dB in required Eb/I0 is 
observed both over an Additional White Gaussian Noise (AWGN) channel and a narrowband 
fading channel.
Handover calls normally are considered more important than new generated calls, as dropped 
calls are much more annoying than blocked calls. Therefore, a thought of reserving a fixed 
number of channels for handover calls is quite popular in handover analysis. This fixed channel 
reservation scheme is extended to the soft handover case and could be evolved to dynamic 
reservation schemes. For instance, [ChaOl] proposes an adaptive channel reservation scheme 
where a threshold for reservation is applied together with fixed adding and dropping thresholds. It 
has been shown that proposed reservation scheme reduces the reservation capacity while 
increasing the system capacity in Erlangs. In [PaiOl], based on fixed reservation scheme, an 
integrated call control scheme is proposed where handover calls have g reserved channels per cell 
against new calls. If a call enters soft handover region and the channels in use from its current cell 
are greater than a pre-defined level I, the channel assigned to the user from current cell is instantly
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released, triggering a so-called fast soft handover. A regular soft handover is performed 
otherwise. The proposed scheme claims effective alleviation to the excessive use of channel 
resources due to soft handover while meeting the overall call quality.
3 .2 .4  S o ft H a n d o v er  fo r  P a c k e t a n d  IP  S erv ice
One of the main aims of 3G mobile systems is to provide high bit rate packet data services. Soft 
handover generally is considered not desirable for such services due to the low mobility and non­
sensitive delay constraints of data users as well as the applications of retransmission techniques. 
However, the feasibility and potential advantages of applying soft handover to packet data 
services 01* to IP (Internet Protocol) based wireless networks have raised a lot of interests.
[Fer99] investigates the feasibility of using soft handover for packet data service in UTRAN. It 
claims that soft handover outperforms hard handover. However, the increased complexities and 
limitations have to be considered. [KazOO] evaluates the performances of two scheduling schemes 
for forward packet access in CDMA based cellular networks. Among them, one scheme uses time 
diversity and another uses time-space diversity specifically designed for soft handover users.
In [ZhaOl], the feasibility of applying soft handover in an All-IP wireless network is addressed. 
Two main challenges exist, according to the authors’ claim. First, multiple streams of the same 
data have to be distributed and selected in such a network. Second, delivered data contents have to 
be synchronised. [KimOO] assumes a scenario where the wireless mobile network is an All-IP 
network, BSs are IP based and the radio interface is CDMA. In such a network, soft handover is 
possible. Three delay constrained routing algorithms are then proposed and evaluated in terms of 
total tree cost.
3 .2 .5  S o ft H a n d o v er  A n a ly ses  U s in g  N o n -S ta n d a rd  A p p ro a ch es
Apart from aforementioned topics, some sophisticated non-standard methods are applied to model 
and analyse soft handover. In [Asa95], the authors propose a soft handover model based on the 
reward/cost stochastic optimisation method. [HomOl] proposes an algorithm containing adaptive 
adding and dropping thresholds formed by a fuzzy process. The performance shows that it 
improves blocked calls and reduces the number of active set updates while suffering from higher 
outage probability. In another work of [WonOO], pattern recognition technique is used to produce 
novel hard handover algorithms in order to reduce both unnecessary handovers and handover 
delay. The authors further claim that their approach is easy to be extended to soft handover case.
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3 .3  S c o p e  o f  T h e s is  W o r k
In our work, first we will focus on the impacts of soft handover mechanism on the performance 
improvements from a system point of view. Then the impacts of soft handover related factors 
would be studied before we finally proposed enhanced soft handover algorithms for CDMA based 
mobile communication networks. Therefore, as described in Section 1.2, the main work in this 
thesis will target the following three closely related issues.
Investigation into soft handover impacts on system performances: Two special CDMA 
system structures are looked into, namely the sectored cellular system and hierarchical 
cell structure (HCS). In sectored cellular systems, the capacity gain introduced by soft and 
softer handovers will be analysed by calculating the improvement of sectorization gain. In 
a HCS system, the impacts of intra-layer soft handovers on the performance of another 
layer are analysed, providing that the inter-layer handover is permitted in the system. The 
benefits of using intra-layer soft handover to suppress the extra interference introduced by 
inter-layer handovers will be demonstrated by comparing the case of using intra-layer 
hard handover.
Understanding the implications of soft handover: This work tries to provide a 
comprehensive understanding of the complexities of soft handover behaviours. Various 
factors that might affect soft handover performances are investigated. The implications of 
using absolute or relative thresholds in a soft handover algorithm, the impacts of power or 
Ec/Io triggering mechanisms for soft handover, the effects of tuning soft handover 
parameters and the impacts of shadowing cross-correlation on soft handover 
performances are studied.
Enhanced soft handover algorithms: Ultimately based on the studies on previous two 
issues, enhanced soft handover algorithms are proposed. Following different threads of 
exploiting the complications of soft handover, UE positioning assisted, integrated and 
distributed soft handover algorithms are constructed. The improvements of overall system 
performances by applying proposed algorithms are verified via system level simulations.
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C h a p t e r  4
4  I m p a c t s  o f  S o f t  H a n d o v e r  o n  S e c t o r e d  
C D M A  C e l l u l a r  S y s t e m s
In principle, CDMA system capacity is interference-limited. Therefore, any techniques that can 
reduce multi-user interference will increase the system capacity. Among them, the exploitation of 
sectored/directional antennas at base station for both transmission and reception is an effective 
one. Such a system is normally referred to as a sectored cellular system. The sectored system 
works effectively in that in the uplink, it only allows interference within the antenna radiation 
angle to come to the receiver, whereas in the downlink, the signal power can only be transmitted 
within the antenna radiation angle. In a practical sectored system, the overlapping areas between 
the coverage of adjacent sectors introduce interference leakage, leading to a negative impact on 
the efficiency of sectorization. However, the use of soft/softer handovers in a sectored cellular 
system is able to alleviate this impact due to its signal diversity in the overlapping areas. 
Therefore, it becomes clear that the system capacity of a sectored system will be jointly affected 
by the efficiency of antenna radiation patterns and the use of soft/softer handover. In this chapter, 
we propose an analytical approach to estimate the impacts of soft/softer handovers on the uplink 
capacity of a sectored CDMA cellular system with practical antenna radiation patterns, in terms of 
so-called sectorization gain.
4 .1  S e c to r e d  C D M A  C e l lu la r  S y s te m s
In a sectored cellular system, a number of directional antennas are mounted at one cell site, 
splitting the cell coverage into several sectors. The directional range within which a sectored 
antenna can provide satisfactory coverage is refereed to as antenna effective radiation angle. In 
the ideal case, the effective radiation angle of an antenna is 360In degrees, where n represents the 
number of sectors in a cell. Normally in practice, a cell site is divided into three, six or twelve 
sectors. Figure 4.1 depicts the site deployments of an ideal 3-sectored cellular system. Taking a 
user located in sector 0 of the central cell as an example, it can be seen that in the uplink, the 
interference only comes within the effective antenna radiation angle, which in ideal case is 120 
degrees. The interference coming from outside antenna radiation angle is blocked. On the other 
hand, it also demonstrates that in the downlink only one of the three sectors in a cell will cause
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interference to the desired user. Therefore, the sectored CDMA cellular system greatly reduces 
interference thereafter enhancing the system capacity. The capacity improvement with respect to a 
similar omni cellular system is generally defined as sectorization gain (Gsect).
Figure 4.1 Explanation of a 3-sectored CDMA cellular system
In the early analyses of CDMA system uplink capacity such as [Gil91], the sectored antenna 
radiation pattern is considered to be ideal, which results in the capacity n times as an omni system. 
Therefore, n is also considered as Gsec, [Gil91 ]. However, n can only represent the upper bound of 
Gsecl. In order to provide securely a sector’s coverage, in practical sectored systems, the effective 
radiation angel normally is larger than theoretical value, for instance 130 and 66 degrees for 3- 
and 6-sectored cellular systems, respectively [Lai02]. This introduces an overlapping area 
between sectors and thereafter interference leakage from neighbouring sectors, reducing Gsec, to 
less than n. In [Wan93] for instance, Gsec, of approximately 2.5 (n = 3) is found for a practical 
sectored antenna pattern. However, the results based on the simulations do not consider the 
factors which might affect Gsect. In another work of [Lee98a], a simplified radiation pattern is used 
to analyse Gsect by simply computing the proportion of the overlapping area to the entire cell area, 
without considering soft/softer handover impacts.
Apart from the efficiency of directional antennas, the use of soft and softer handover in sectored 
system might have a decisive impact on the system capacity. From soft handover’s point of view, 
a larger overlapping area will result in more users being involved in soft and softer handovers. 
Such users will benefit from diversity combining thereafter in turn reducing uplink interference in 
the system. In this sense, the overlapping area is desirable to softer handover users. Therefore, 
soft/softer handover and sectorization are two techniques that work interactively in the sense that
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the degradation of uplink capacity due to overlapping areas between sectors could be 
compensated by soft and softer handover to some extent. Moreover, the environmental factors 
such as path-loss exponent and shadowing variations could greatly affect Gsect simply because 
they have a decisive impact on soft and softer handover performance.
Hence, deriving an accurate yet practical value of Gsect is not straightforward and it becomes very 
important to investigate the dependency of Gsect on soft/softer handovers under different 
propagation conditions.
In our work, Gsect is derived in a 3-sectored CDMA cellular network with perfect uplink power 
control, by comparing achieved capacity to that of an omni-cell network. An analytical approach 
is carried out to evaluate the impacts of aforementioned factors on Gsect. The impacts of soft/softer 
handover are demonstrated by comparing hard handover case in both omni and sectored systems. 
Two non-ideal sectored antenna radiation patterns i.e. a nearly-ideal pattern used in [Lee98a] and 
a practical pattern defined by [Etsi98a], are considered. This approach is generic and is easy to be 
extended to 6- and 12- sectored cellular systems.
4 .2  S e c to r iz a t io n  G a in
4 .2 .1  D e r iv a tio n  o f  S ec to r iza tio n  G a in
Generally, the Gsect represents the capacity enhancement due to applying sectored antennas. In 
analysis, there are two different ways of defining Gsecl. From capacity’s point of view, Gsect can be 
explicitly defined as:
^  _  supported users in a sectored cell
see jf
supported users in an omin cell
(4 1)supported users in a sector
=  n -----------------------------------------
supported users in an omin cell
Alternatively, from interference’s point of view, the Gsect can be defined as the following equation 
[Lai02]:
Gsec, = C  Pr ^ Go WO1 £  Pr m  W O  (4.2)
where p r(6) is the received signal power in front of the antenna with radiation angle of (9 that is 
defined as the angle between the bore-sight (centre of the radiation pattern) and a desired location. 
The G0{9) and Gs{6) are referred to as the radiation patterns of omni and sectored antennas, 
respectively. The co represents half of the effective radiation angle.
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It is obvious that the latter way of defining Gsect is virtually the same as the former one, as in 
CDMA base systems the capacity is inversely proportional to multi-user interference. Moreover, 
either of the ways needs to look into both omni and sectored systems. In our work, we extend the 
former way to such an extent that Gsect is expressed as a function of other cell/sector to own 
cell/sector interference ratio.
We first calculate the uplink capacity in terms of number of users supported in a cell. Ignoring the 
background noise, in a perfect power controlled omni system that supports a single service, the 
capacity is given by [Gil91] as:
N _ w[R1l— J_— 1 _
(Eb/ l e)m d  1 + k0
with N0 the active user number supported in an omni cell, w the spread spectrum bandwidth, Rb 
the information rate, d  the voice activity factor and ka the ratio of other cell interference to own 
cell interference. The (Eb/I0)req represents the minimum required Eb/I0 that can guarantee the 
quality of service.
Similarly, in a sectored system which supports the same service, the capacity in one sector can be 
presented as:
w!Rb 1 1  N . =  b-------------------+ 1 (4.4)
(V -U ™ , d 1 + *,
where ks is referred to as the ratio of other sector interference to own sector interference. 
Therefore, the Gsect for a sectored cellular system with n sectors in one cell can be expressed as:
N, 1+^ T /c» 1+ KGLC, = n —-  = n ----rfh—  = n ------f  (4.5)
N 0 1 + ^ k s 1 + *,
where the k 0 (ks) denotes the modified ratio of other cell (sector) interference to own cell (sector) 
interference by assuming that all N0 (Ns) own cell (sector) users are interferers rather than Na-l 
(Ns-1). Therefore, in the following analysis, own cell (sector) interference is defined as the total 
power received from own cell (sector) users.
4 .2 .2  S ecto r iza tio n  G a in  Im p ro v em en t b y  S o ft/S o fter  H a n d o v er
It can be expected that sectorization gains in soft handover based sectored systems are greater 
than those in hard handover based ones due to the fact that mobile users located in overlapping 
areas could be in soft/softer handover thereafter taking the advantages of diversity combining. 
This improvement that can be practically converted into capacity enhancement is more reasonable 
to be considered as a part of sectorization gain rather than soft handover gain as it is achieved by
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the use of sectored antennas. Therefore, assuming that the sectorization gains in soft/softer 
handover and hard handover based sectored cellular systems are GsecttSho and Gsect>hho» respectively, 
we can define the Gsect improvement as follows:
% =  ~Gsect,hho .1QQ% (4>6)
^ scct,hho
4 .3  A n a ly t ic a l  S y s t e m  M o d e l
4 .3 .1  S ec to red  A n te n n a  R a d ia tio n  P a ttern s
Two often analytically used antenna radiation patterns namely ideal and nearly-ideal radiation 
patterns are considered and their sectorization gains are compared with that of a practical radiation 
pattern recommended in [Etsi98a] to evaluate the validation of using those simplified radiation 
patterns in related analyses such as system capacity calculations.
a. Ideal Sectored Antenna Radiation Pattern
The ideal sectored antenna radiation pattern in dB is described in the following equation. It can be 
seen that in such a radiation pattem, there is no interference leakage from outside 120 degrees, 
resulting in no overlapping areas between adjacent sectors. It therefore has to be noted that softer 
handover does not exist in such a sectored system. This also leads to the fact that the sectorization 
gain is always the number of sectors in one cell i.e. 3 in this case.
-60° < 6 < 60°
*  • (4'7)5 otherwise
b. Nearly-Ideal Sectored Antenna Radiation Pattern
This radiation pattern defined in [Lee98a] can be described as (in dB):
ÎO -60° - a < d < & f  + aG{e) = \ . (4.8)
[—co otherwise
with a  the half overlapping angle in degree between two adjacent sectors. The effective radiation 
angle in this pattern is 120°+2or.
c. Practical Sectored Antenna Radiation Pattern
ETSI suggests a practical sectored radiation pattern for UMTS system performance evaluations 
[Etsi98a]. This radiation pattern in dB can be described by a Sine function as:
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G{e)_ J a ( ï 2 M - i )  - w < e < ( o
oo otherwise
(4.9)
with A and B constant parameters to form different radiation patterns. It is understood that the 
effective radiation angle in this case is 2CO. Figure 4.2 depicts the antenna radiation patterns 
achieved by different values of A when B - 2  and co = 80 degrees. It can be seen that the shape of 
the radiation pattern can be adjusted by using different parameters.
Radiation patterns of sectored antennas
F i g u r e  4 . 2  R a d i a t i o n  p a t t e r n s  o f  a  p r a c t i c a l  s e c t o r e d  a n t e n n a
4 .3 .2  S ig n a l M o d e l
The signal attenuation model in the uplink is considered as the product of the ju th power of 
distance corresponding to path-loss and a log-normal component (normal/Gaussian distribution in 
dB) representing shadowing losses. The probability density function (PDF) of a Gaussian variable 
x with mean mx and standard deviation (st.d.) of gx can be expressed as:
/ ( * )  = - /  g ^  (4-10)
71(7 x
Since, with perfect uplink power control, the signal powers received by base station transceiver 
(BTS) from power-controlled users keep the same, we normalize them to unity or zero in dB. A 
power-controlled user is then treated as the own cell/sector user of the controlling cell/sector. In 
contrast, a cell/sector where a user is located is defined as the self-located cell/sector of the user.
34
Chapter 4 Impacts of Soft Handover on Sectored CDMA Cellular Systems
Moreover, we assume that in omni cells, the isotropic antennas are used, where the antenna 
radiation gain is equal in all the directions. Therefore, in an omni-cell system, the transmission 
power of a user with a distance r from its controlling BTS can be presented as:
P,{r,£) = r>‘ 10f/1° (4.11)
or in dB:
10 log pt ( r X ) -  10/i log r-vtf (4.12)
Similarly, in a sectored system, the transmission power of a user r distant from its controlling 
BTS can be presented as:
Pt(r,C)=rM 10( -^G(a))/1° (4.13)
or in dB:
10 log p t (r, C) = 10ju log r + £ -  G(a) (4.14)
In the above equations, £ represents the shadowing components in dB, following a Gaussian 
distribution with zero mean and st.d. of a.
It should be noted that a BTS experiences cross-correlated shadowing components from different 
users. In our work, we assume independent shadowing to make analysis concise. However, the 
constant cross-correlation coefficients are easy to be added. It should also be noted that being 
collocated, the two adjacent sectors experience the same path-loss and shadowing terms from a 
user in their overlapping region.
In our analysis, the system geometry consists of a homogeneous pattern of hexagonal cells, which 
might be either omni or three-sectored cells. We assume a uniform density of users throughout all 
the cells. The radius of a cell is normalized to unity.
4 .4  S e c to r iz a t io n  G a in  in  H a r d  H a n d o v e r  S y s te m s
In hard handover based systems, the user is assumed to always communicate with a single BTS 
and handover to the nearest BTS at a time [Vit94]. This hard handover scheme can be applied to 
both omni and sectored cellular systems.
4 .4 .1  O m n i C ell S y stem
In an omni system, the interference from own cell is given as:
Io,om, = K0S = ^ K 0 (4 .1 5 )
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where the S represents the area of a cell and the K 0 is referred to as the user density in the omni 
system.
Assuming that a desired user i is located in and power controlled by cell 0 and a reference user j  is 
controlled by another base station, the interference that the desired user suffers from user j  in the 
uplink can be derived as:
r
h j  = P . j t r f  10ib',° (4.16)
ro
where p tj  represents the transmission power of user j  and r0 and rc indicate the distances from user 
j  to base station 0 and its own controlling base station, respectively. The corresponding shadowing 
terms on the two paths are indicated as Co and £., respectively. Therefore, the other cell 
interference in such a hard handover based system can be derived as:
7 7?HrcM(x,y)10C'no ^  j  J
¡‘ t Ï (4-17)
Ir ro (x> y)
where the S0 represents the region outside cell 0 and the constant /?= ln(10)/10. Notation c 
indicates that the variables are related the controlling BTS other than the one in interest.
4 .4 .2  N ea r ly -Id e a l S ec to red  S y stem
F igure  4.3 N early-idea l sectored system w ith  ha rd  handover
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When nearly-ideal sectored antenna is used in the system, since three BTSs in a cell are located at 
the same place, a user in an overlapping region can be power controlled by and connected to 
either of the two corresponding BTSs. Without losing generality, we assume that a user in an 
overlapping region is connected to its self-located sector i.e. users in shaded regions in Figure 4.3 
are connected to sector 1 (upper region) or sector 2 (lower region) rather than sector 0. Therefore, 
having sector 0 in Figure 4.3 as desired sector, the interference from own sector and other sectors 
can be presented as (the notations of x and y  are dropped for convenience in the following 
derivations):
receiving area (12O°+20) excluding the regions of sector 0 and S0J. The Ks is referred to as the 
user density in the sectored system.
4 .4 .3  P r a c tic a l S ec to red  S y stem
Figure 4.4 Practical sectored system with hard handover
With a practical sectored antenna described in Section 4.3.1 employed in the system, since the 
radiation pattern function (in dB) is monotonically decreasing, a user in the overlapping region is
(4.18)
(4.19)
where the S0J indicates the shaded region in Figure 4.3 and the ^represents the whole effective
2co
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assumed be connected to its self-located sector. Taking sector 0 in cell 0 as desired sector, the 
interference from own sector and other sectors can be presented as:
I„mm= K ,S /3  = ^ - K s (4.20)
^ 5 , 0 t h  ^  $ 0 1  ^  $ 0 2
= K s JJlO(G(0o)' G(0c))/1° ^ +  K se{pa)2 JJ£ lO {G{eohGMllodxdy <4-21)
4 .4 .4  S ec to r iza tio n  G a in
The sectorization gain for such a hard handover based sectored cellular system therefore can be 
derived as follows for two non-ideal antenna radiation patterns, according to Equation (4.5).
f~i  q  ^ ^  o,oth J 1  o,own
s e c t , h h o  ~  i I r / t
s,oth s,own (4 .2 2 )
It can been seen that since both the other cell and own cell interferences are proportional to the 
user density, the sectorization gain becomes irrelevant to the user densities of both omni and 
sectored systems.
4 .5  S e c to r iz a t io n  G a in  in  S o f t  H a n d o v e r  S y s te m s
In our work, soft handover is modelled in such a way that a user is allowed to be in soft handover 
with only two nearest BTSs, and is connected to (power-controlled by) the one with less signal 
attenuation. Therefore, users in the shaded six-pointed star region So in Figure 4.5 (omni system) 
can be connected either to BTS 0 or to any of the six nearest neighbouring BTSs.
In an overlapping region (shaded area in Figure 4.6) of a sectored system, a user could be in softer 
handover i.e. keeping connections to both adjacent sectors in the same cell. Since signal 
combining in softer handover is implemented in the base station, more complicated combining 
techniques can be applied. In our study, we assume that the base station is able to achieve the 
summation of the signal powers received by two adjacent sectors, an approximation to the MRC. 
This is because the interference to different users in uplink are similar due to uniform user 
density. For a user in the overlapping region, if the summation of the signal powers received by 
two adjacent sectors is greater than the signal power received by the nearest other-cell sector, the 
user is in softer handover and is power-controlled by both sectors (note in this case, the 
summation of the two signal powers is still unity); otherwise, the user is in soft handover and is 
connected to the nearest other-cell sector. In non-overlapping regions, users are in soft handover.
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Note that in the following derivations, notations 0, 1 and 2 indicate the three sectors in cell 0 and 
sector 0 is considered as desired sector. The notations of nl and n2 indicate the nearest and the 
second nearest BTS when location (jc, y) is outside cell 0, respectively. The notation of c 
represents the controlling BTS.
4 .5 .1  O m n i C ell S y stem
Figure 4.5 Omni system structure with soft handover
In an omni-cell system, as shown in Figure 4.5, users in the shaded area S0 can communicate with 
BTS 0 or a nearest neighbouring BTS with less signal attenuation. Hence, the interference from 
other cells is given by [Vit94] as:
lo 'Oth Io ,S 0 ^0i5 (4.23)
where the interference from the area of S0 can be presented as:
< r ^ m )K0dxdy
=  K \ \ ^ Q ( 4 2 P a  +  M c M ° )dxdy  
sQ ro V2<7
with Mj  =  Mj ( x , y )  =  l O p \ o g r j ( x , y ) . The <2(0 function is defined as:
2 (* )  = \ - r T = exp { - y 2 l 2 )dy =  J “7= = exp(— y 2 / 2 ) 3^  (4.25)
x v V 27t
The interference from the area outside So can be derived as:
(4.24)
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(4.26)
The above equation follows the coordinates transition based on the facts that the joint PDF 
function of two shadowing components is circular symmetric and the region of integration has 
linear boundary. The details of this coordinates transition are derived in the Appendix.
Similarly, the interference from the own cell can still be presented as:
4 .5 .2  N e a r ly -Id ea l S ecto red  S y stem
In this case, for desired sector 0 in Figure 4.6, the effective receiving area can be divided into six 
regions to analyse other sector interference. The Sj indicates the overlapping region between 
sector 0 and other two sectors in cell 0. The S2 and S3 represent the shaded regions as shown in 
Figure 4.6. The S4 indicates the overlapping region outside Sy, S2 and S3. The S5 and S6 correspond 
to those non-overlapping regions as shown in the figure. The other cell interference comes from 
all these regions.
o (4.27)
Figure 4.6 Nearly-ideal sectored system with soft/softer handover
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(4.30)
(4.31)
Therefore, the average interference contribution from a user i located in area of Si to S6 can be 
derived as the following equations, respectively.
I,A = e ( r cI01 O«'-M,w ;M c +  ( c < M 0mlor2- 3  +  C0orlor2)  (4.28)
I i A = E { 0 .5 R cl01 0 ^ m -,Mc +  Cc - 3 < M ior2 +  Clor2)  (4.29)
h *  =  E (0 .5 R cl01 0 ^ n°-,M c Cc 3 <  M ior2 +
+  E (V ,M 0 + C 0 < M lor2 +  Clor2- 3 )
k s 4 =  E (o .5 R nUOl 4 ("-<o)m-,M ni +  Cm - 3 <  M „2 +  Q  
+  E {R ,l2l0W ^ n0- M n2 +  Cn2 < M nl +  Cm - 3 )
k s ,  =  e ( r cI0W ^ iw ; M c +  £ c < M 0 +  C0)  (4.32)
/ , *  =  E (R „vo l O ^ ° )m <M„i +  f . ,  < M „2 +
+ E(Ra2/01 0 ^ ° > /I0;M n2 + < +
where RUj =  r f  (x, y ) / r f  {x ,y ) .
It should be noted that r0(x, y) = rfx, y) = r2(x, y) and £0(x, y) = £i(x, y) = £2(x, y)- Therefore, in 
the following, we will use notation 0 to indicate them all. The minus 3 in above equations 
represents the fact that in softer handover, the user’s transmission power can be 3 dB less than 
(0.5 times as) required to combat the signal attenuation. Therefore, integrating the interference 
over corresponding areas of Sj to S6, we have,
1 s,oth =  I s1 + h 2 + h ,  + h ,  + I s5 + I s6 (4.34)
I s< = K ¡ i f - Q ^ c r  + M ‘ ~ f ° + 3 )dxdy (4.35)
s,V  4 lo
I Si = 0.5 2/fcr + (436)
(4.33)
/ Sj = 0.5Kie(f°f  A/" 3)dxdy + K, JJg(M° f ‘ +3)dxdy (4.37)
S3 r0 V 2(j s3 V 2(7
/s< =0.5 k / ^  + ~'i )dxdy+K/lk’f +3)dxdy (4.38)
s4 rQ V2 -v2cr 54 r0 -v2<J
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I Si = K / ßaf J p j -  Q < Jlßo  + '  ° )dxdy (4.39)
s5 ro V2(J
l Si = 2 i i j j r < 2 ( ^  + M "lj ^ nl )dxdy (4'40)
S6 '0
When a user is in softer handover, the received signal power in either controlling BTS is half of 
unity. However, the user in a symmetric location to the boundary of two sectors contributes 
another half. Therefore, the interference from own sector users still is:
V3
2
 ^s,own = KsS /3 = 2^- Ks (4.41)
4 .5 .3  P ra c tica l S ec to red  S y stem
In a practical sectored system, similarly, the whole effective receiving area can be divided into six 
regions. Note that in softer handover, the summation of the two signal powers received from users 
located in symmetry positions is unity. Therefore,
sI ,.^ = K .,S /3  = ^ - K s (4.42)
L.oth = h , + h ,  + }s, + ls, + l :,, + !ss (4-43)
To derive the interference from other sector users, we first define a virtual radiation angle for a 
user in the overlapping region. Since the path-losses and shadowing components to the two 
adjacent sectors are the same and the summation of two radiation angles is 120°, we consider the 
signal attenuations from user’s transmitter to two adjacent sectors’ receivers as:
r1(r.f)=r^ l0i/lo10- ° (s)/10 (4.44)
r2(r,f)= r" l o ^ O l O - ^ 1200-*)'1» (4-45)
Given the user’s transmission power of Pt, the equivalent signal attenuation T(r, C) therefore can 
be defined by satisfying the following equation:
Pt Pt Pt
 1--------  L-1------ L---- (A A A \
T ( r ,0  T,(r,C) T2(r, Q
H e n ce , w e  have:
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l / 7 i ( r ,0 + l /T2(r,Ç) (4.47)
= r^lo /^lO(loG(0)/lO +loG(l2Oo-0)/lO^ -l
We therefore can define an alternative variable 6 , which satisfies the following condition, as the 
virtual radiation angle of a user in the overlapping region with a radiation angle of 9 from either 
of the two adjacent sectors.
10“°(e )no = (lO0^)'10 + io 6k - « ) ' 10)'1 (4 .48)
Hence, the interference from other sectors now can be similarly derived as:
ISi = Kse ^ 2j’j{-^-lo(G<‘l‘l)-c(li*)>/1° • Q{-j2/3o+ —  M° (449)
5, ro -V 2cr
=  k / m ' JJ{-^-10<c(e°>-G(a'-))/10 • Q (42/3<j+ Mc ~ M ° + <p 0<>} —G{0  e ) ) }dxdy  (4.50)
u
s2 1o
= ff{i^io(C(a“)-C(8'-))'10.q(V2/?<7+M c- M o ^ GW ~ G { e
s r f
(4.51)
+ K ,  , Q ( ^ o - M c + G ( g c ) - G ( g 0 ) ) } ^
s3 y  2(7
Is< = |J ( 4 lO  (ow-a^^n o  _Qf ^ + Mni~ ^ „2 + <?(<?,,2
s, r0 v  2  -42(7
(4-52)
+ K . e ^  q (Mj!2 ~ M m —  — G^ n2^  )}dxdy
l h  = Kse(Paf ||{ ^ -lO |C(8°)~G(^ ))'10-e(V2;gcr+Mc Mç + G^ } (^ 3)
5, r0 *v2 <7
6 = K se[pa)1 j|{-^.lO(G(0o)"G(0",))/10 . g ( ^  + — — M/l2 +  }dfo/y
Sfi r° 2 2<J (4.54)
+ KseiPaf JJ{üâ.io(G(go)-G(g"2))/10- Q ( ^ +  ~ M,Û +<p 6nx)~ G(^ n2))}dxdy 
** V2 y2(7s« 'o
4 .5 .4  S ecto r iza tio n  G a in
The sectorization gain for such a soft handover based cellular system up to now can be derived as 
follows for two non-ideal antenna radiation patterns, according to Equation (4.5).
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G o ^o,oth I  ^o, own /A  c c \
sect,sho ’ 1 . 7 /  7 (4.55)
s,oth i,own
Similarly, the sectorization gain in a soft handover based sectored system is irrelevant to the user 
densities of both omni and sectored systems. Moreover, compared with Gsect_hho achieved in 
Section 4.4.4, the improvement of sectorization gain due to applying soft/softer handover can be 
calculated according to Equation (4.6).
4 .6  N u m e r ic a l  R e s u lt s
The numerical computations are carried out in a cellular system consisting of four tiers of 37 cells. 
Each cell could be omni or sectored depending on the system requirement. The user density is 
assumed uniform throughout the area. The parameters of A and B used in practical antenna 
radiation pattern is set to 29 and 2, respectively.
First, the impacts of environment related factors such as path-loss exponent and shadowing 
variations on the sectorization gain are investigated. Sectorization gains in different handover 
schemes i.e. hard and soft/softer handovers based sectored systems are then studied to understand 
the sectorization gain improvement due to soft/softer handover. Finally, the simplified ideal and 
nearly-ideal sectored antenna radiation patterns are compared to the practical one to validate their 
applicability.
4 .6 .1  S ec to r iza tio n  G a in
As shown in Figure 4.7 and 4.8, Gsect increases when path-loss exponent increases and decreases 
when st.d. of shadowing increases. The effect is negligible in hard handover systems whereas in 
soft/softer handover systems, it is much more considerable. Furthermore, it can be observed that 
the effect is more considerable when a nearly-ideal radiation pattern is used in comparison to the 
practical radiation pattern.
It can also be seen in Figure 4.7- 4.9 that the sectorization results in more gain in soft/softer 
handover systems in comparison to hard handover systems. This is due to the fact that in 
overlapping regions, users are able to transmit lower powers compared to those in non­
overlapping regions, thanks to the exploitation of softer handover. Therefore, they cause less 
interference to other users. Increasing the effective antenna radiation angle enlarges overlapping 
regions and introduces more interference to other users. Therefore, Gsect decreases. In soft/softer 
handover systems, this also means that more users can be in softer handover. Therefore, Gsec, does 
not decrease sharply as in the case of hard handover systems (Figure 4.9).
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It depicts in Figure 4.7- 4.9 that Gsect of nearly-ideal radiation pattern is much lower than that of 
practical pattern. The only exception occurs when the effective radiation angle is smaller than 
about 132° in hard handover systems (Figure 4.9). Therefore, in general, using nearly-ideal 
radiation patterns will under-estimate Gsect. We also compare the Gsect in the work of [Lee98a] 
where the same nearly-ideal pattern is used and Gsect is simply defined as the following equation. 
It can be observed that the Gsect by this definition is under-estimated in soft/softer based sectored 
systems.
^  _ o  a. overlapping area
seer 3  ■ (1  :   ) (4-56)
entire cell area
It should be noted that when the effective radiation angle is 120°, Gsect of practical radiation 
pattern is slightly higher than 3. It implies that using an ideal isotropic antenna radiation pattern in 
omni cells while a practical antenna radiation pattern in sectored cells to evaluate Gsect might lead 
to slight over-estimation.
4 .6 .2  S ecto r iza tio n  G a in  Im p ro v em en t b y  S o ft/S o fter  H a n d o v er
Figure 4.10- 4.12 demonstrate the improvements of Gsect due to applying soft/softer handover in 
sectored systems, against different path-loss components, shadowing variations and effective 
antenna radiation angles, respectively. The results of using nearly-ideal and practical antenna 
radiation patterns are compared.
It has been observed in Figure 4.10 and 4.11 that the Gsect improvement increases as path-loss 
exponent increases and the improvement decreases as shadowing increases. It is worth of noticing 
that both the higher shadowing variations and the lower path-loss components will result in higher 
other cell interference, thereafter higher other cell to own cell interference ratio. It therefore leads 
to the conclusion that higher other cell to own cell interference ratio will reduce the benefits 
achieved by applying soft/soft handover.
The improvement of Gsect of using nearly-ideal sectored antenna changes much more significantly 
when experiencing different environmental conditions, compared to that of using practical 
sectored antenna.
When the effective radiation angle increases, as expected, so does the Gsect improvement, which 
can be observed in Figure 4.12. This is simply because more users are in softer handover and 
thereafter benefiting from signal combining. This improvement can compensate the interference 
leakage introduced by overlapping areas to some extent and keep the Gsect nearly constant with 
increasing overlapping area (Figure 4.9).
45
Chapter 4 Impacts of Soft Handover on Sectored CDMA Cellular Systems
4 .7  C o n c lu s io n s
This chapter presents an analytical method of estimating the impacts of soft/softer handover in a 
CDMA based sectored cellular system, in terms of the improvement of sectorization gain which 
leads to the capacity enhancement. The dependency of sectorization gain upon those factors such 
as different path-loss exponents and variations of shadowing are also investigated. The 
sectorization gains achieved by two simplified antenna radiation patterns, namely ideal and 
nearly-ideal radiation patterns, are compared to that by a practical one.
The numerical results show that the sectorization gain is influenced by all the above factors. The 
effect is more considerable when soft/softer scheme is employed in the system. Furthermore, it 
has been shown that higher sectorization gain can be achieved in soft/softer handover systems 
compared to that in hard handover systems. However, the enhancement due to employment of 
soft/softer handover varies depending on the environmental conditions as well as the radiation 
patterns assumed. Moreover, the sectorization gain tends to be more sensitive to the 
environmental variations in soft/softer systems than in hard handover systems. Generally, it has 
been observed that using nearly-ideal radiation pattern under-estimates the sectorization gain 
while evaluating system capacity. Finally, the methodology and the results in this chapter can be 
used for the capacity evaluation of CDMA sectored cellular systems.
Sectorization gain versus path-loss exponent
Figure 4.7 Sectorization gain versus path-loss exponent (<7= 8 dB, CO= 80°)
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Sectorization gain versus st.d. of shadowing
Figure 4.8 Sectorization gain versus st.d. of shadowing (ju = 4, 0) = 80°)
Sectorization gain versus effective radiation angle
Effective rediation Angle (degree)
Figure 4.9 Sectorization gain versus effective radiation angle (<j= 8 dB, p  -  4)
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Sectorization gain improvement versus path-loss exponent
Figure 4.10 Sectorization gain improvement due to soft/softer handover versus path-loss exponent
(<r= 8 dB, d}= 80°)
Sectorization gain improvement versus st.d. of shadowing
st.d. of shadowing (dB)
Figure 4.11 Sectorization gain improvement due to soft/softer handover versus st.d. of shadowing (ju =
4,0) =80°)
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Sectorization gain im provement vs  effective radiation angle
Nearly-ldeal Pattern 
Practical Pattern
Effective radiation angle (degree)
Figure 4.12 Sectorization gain improvement due to soft/softer handover versus effective radiation
angle (cr= 8 dB, ju = 4)
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C h a p t e r  5
5  I m p a c t s  o f  S o f t  H a n d o v e r  o n  H i e r a r c h i c a l  
C D M A  C e l l u l a r  S y s t e m s
In order to meet the increasing demand of mobile user density, system deployments consisting of 
cells with smaller radii are recommended to provide higher system capacity in a given area. These 
smaller cells are normally called micro cells or even pico cells [Etsi98b], Moreover, in some 
specific areas like commercial streets the traffic is so heavy that people are considering the system 
architecture where a micro cell layer is covered by a macro cell layer [Hon93, Hu95]. Such a 
system deployment is normally referred to as an overlaying system or hierarchical cell structure. 
One of the main issues in hierarchical/overlaying systems is that in order to fulfil the requirements 
for seamless mobility of mobile users, the handovers between two layers i.e. inter-layer handovers 
have to be taken into account.
In this chapter, a CDMA based hierarchical cellular system is analysed, where inter-layer 
handover is possible and hard/soft handover scheme could be employed for intra-layer handover 
purpose. In such a system, the users who handover to another layer will introduce additional 
interference especially when they are located at the edge of the serving cells. A method has been 
proposed to estimate the additional interference introduced by inter-layer handovers, which 
deteriorates the signal quality in the target layer. More important, this method enables us to 
investigate the impacts of exploiting intra-layer soft handovers to compensate such deteriorations 
by comparing with the case of intra-layer hard handovers.
5 .1  H ie r a r c h ic a l  C D M A  C e l lu la r  S y s te m s
Great efforts have been put forward on the issue of deploying multiple layer cell architecture 
recently mainly for two purposes, namely to enhance system capacity and to achieve system 
integration. In such a hierarchical cell structure, smaller sized cells are proposed to form the micro 
layer that is interlaid by the macro layer formed by larger sized cells such as GSM cells to 
increase the system capacity. However, one of the main concerns about micro cells is that the 
number of handovers is greatly increased. To tackle this problem, intelligent traffic admission 
policies therefore are proposed such that high-speed new users are assigned to the macro layer 
whereas low-speed new users are assigned to the micro layer, by estimating their velocities [191].
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On the other hand, the system integration issues have been motivated by the deployments of 
universal personal communication systems and the support of global mobility [Hu95]. Future 3G 
mobile systems such as UMTS will coexist with GSM and satellite communication systems to 
form a multiple layers and multiple air interfaces based overlaying system architecture. Moreover, 
the integration issues might involve a wide range of possible existing systems, such as GSM, 
DECT, satellite and fixed wireless access systems. For instance, the quality of service is 
investigated by [Nir99] in a Cordless-GSM hierarchical system with inter-layer handover. 
Recently, the issues of integration Wireless-LAN (Local Access Network) into GSM covered hot­
spot areas have raised a lot interests.
Intra-layer HO in macro layer
Figure 5.1 Possible types of handovers in a CDMA/CDMA hierarchical system
In a hierarchical system, two layers may exploit different multiple access techniques. For 
example, a macro/micro hierarchical system with CDMA in macro layer while TDMA in micro 
layer has been studied in [Hon93]. The possibility of applying the same frequency carrier in a 
CDMA/CDMA hierarchical system has been analysed in [Gho02], where smart antenna beam- 
forming is proposed for macro layer base stations to reduce the interference to micro cell users.
A more common thought of building a CDMA/CDMA hierarchical system is to deploy different 
frequency carriers in macro and micro layers and micro layer only covers limited hot-spot areas. 
In such a system structure, two types of handovers, namely intra-layer handover and inter-layer 
handover have to be considered. Figure 5.1 depicts a CDMA/CDMA hierarchical system where 
the macro and micro layers are operated on different frequency earners of f  1 and f2, respectively. 
It can be seen that apart from the intra-layer handovers in either of the layers that could be soft
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handover or hard handover, micro/macro cell users are possible to handover to macro/micro layer. 
This happens when their own layer network has to drop them while the other layer can provide 
efficient quality of service. Inter-layer handover could also be performed in order to provide 
seamless coverage, as micro cells are normally located only in hot-spot areas. It is noted that as 
inter-layer handover is performed between different frequency carriers, it has to be hard handover. 
This is similar to the inter-frequency handover in a single CDMA layer when multiple frequency 
carriers are available.
However, in a hierarchical cell system, there might exist two problems introduced by the inter­
layer handovers. Firstly, when a mobile user hands over from macro to micro layer, its high 
transmission power will reduce SIR of micro layer users. This problem becomes more serious 
when a macro user hands over from the edge of a macro cell. On the other hand, when a mobile 
user hands over from micro to macro layer, its transmission power is normally lower than 
required by the macro layer target base station. Therefore, this user will experience a low SIR for 
a period of time after performing inter-layer handover.
These problems exist due to the fact that in CDMA FDD mode, different frequency carriers are 
used in the downlink and uplink. When performing inter-layer handover, the mobile user normally 
is not able to predict the uplink signal attenuation to the target base station that is in another layer. 
Therefore, it cannot instantly adjust its transmission power to the desired value the target base 
station requires. After the handover, the user will receive power control commands from its new 
controlling base station and adjust the transmission power accordingly.
In both scenarios, the intra-layer soft handover could alleviate the problems to some extent. Due 
to the diversity combining in uplink, soft handover users can transmit lower power thereafter 
causing less interference to other users.
In this chapter, mobile users’ uplink SIR deteriorations in these two scenarios are studied. The 
results are compared to the scenario where inter-layer handovers are not allowed i.e. the two 
layers are operated independently. Moreover, the system based on intra-layer soft handover is 
compared to that based on intra-layer hard handover to understand the impact of soft handover. 
Only single directional inter-layer handover, i.e. either macro-micro or micro-macro handover is 
allowed, is investigated. This is because the scenario where inter-layer handovers in both 
directions are allowed is simply the combination of the two. For the sake of convenience, the 
following terms are defined to indicate different inter-layer HO scenarios.
CASE 1: No inter-layer HO is allowed
CASE 2: Only macro-micro inter-layer HO is allowed
CASE 3: Only micro-macro inter-layer HO is allowed
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5 .2  A n a ly t ic a l  S y s t e m  M o d e l
5 .2 .1  H iera rch ica l C D M A  C ellu la r  S y stem  S tru ctu re
We consider a homogeneous macro/micro hierarchical system structure as shown in Figure 5.2 
[Sun99]. In such a system structure, one hexagonal macro cell is overlaid by n tiers of micro cells 
(in the following derivations n = 3). We assume that throughout both layers, mobile users are 
uniformly distributed. Letting N MA and RMA be the user number and cell radius in a macro cell, the 
user density in macro layer can then be defined as:
“ ' 3  S r U(5 J )
Similarly, the cell radius (RM,) and user density (KMI) in micro layer can be defined, given the user 
number in a micro cell N M/ and the tier number n.
=  i , (5.2)
^3(2n - 1)2 +1 
2N m,TS _ ,
mi „ (5.3)>2
'‘Ml
M acro Cell
M icro Cell
Figure 5.2 Cell deployment of a macro/micro overlaying system
53
Chapter 5 Impacts of Soft Handover on Hierarchical CDMA Cellular Systems
5 .2 .2  S ig n a l M o d el
Similar to the signal model used in the previous chapter, the propagation attenuation is considered 
as the product of the /nth. power of distance corresponding to path-loss and a log-normal 
distributed shadowing component. This model will be applied in both downlink and uplink. Thus, 
the signal attenuations in both links can be defined as:
a (d ,C )=  d MlOCno (5.4)
or in dB:
101oga(d, C) = 10^ log d  + C (5.5)
where the d  indicates the distance between a mobile user and base station in metres, and the £  
represents shadowing component in dB, a Gaussian distribution with zero mean and st.d. of a  
Due to the shadowing fading, a fade margin (the increment in base station transmission power) of 
ydB has to be added to base station transmission power to maintain a desirable link outage 
probability on the boundary of a cell. The downlink is said to be in link outage when the fade 
margin cannot combat shadowing fading. Therefore, a general expression of outage probability 
for a user in macro or micro layer with a distance d  from its controlling base station can be given 
as:
Pout =  Pr{10^ log d  + £  > IDp log R + y)
-  Pr{10/t log r + £  > y )  (5.6)
- Q ( y ~ l0fiiOgr)
(7
where r represents the normalised distance by its cell radius R. We further indicate fade margins 
in macro and micro layers as yMA and YM/in dB, respectively. The st.d. of shadowing in macro and 
micro layers are referred to as oMA and aMl in dB, respectively. The distance from a user located at 
(x, y ) to macro or micro layer BSi is referred to as dMA.i(x, y) or dM:i(x, y), respectively. Similarly, 
7m a j ( x , y) and rMU(x, y) denote the normalised distances by the corresponding cell radii RMA and 
Rmi, respectively.
Perfect uplink power control scheme is assumed such that a base station receives the same desired 
power from controlled MSs. The desired received power is normalised to unity so that the 
transmission power of a MS is equal to its uplink signal attenuation to its controlling BS.
For the purpose of simplicity, the following terms are defined.
Hard handover hierarchical system: a hierarchical system with intra-layer hard handover
■ Soft handover hierarchical system', a hierarchical system with intra-layer soft handover
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• Macro cell/BS: a cell/BS deployed in macro layer
Micro cell/BS'. a cell/BS deployed in micro layer 
■ Macro MS: a mobile user connected and power controlled by a macro cell/BS
Micro MS: a mobile user connected and power controlled by a micro cell/BS
Macro handover MS: a macro MS who hands over to micro layer 
Micro handover MS: a micro MS who hands over to macro layer
5 .3  M ic r o  U s e r  P e r fo r m a n c e  in  C A S E  2
In CASE 2, we concentrate on the SDR. deteriorations of micro users, because as stated in Section 
5.1, a macro user who hands over to micro layer will normally not experience SIR deterioration 
due to its high transmission power. Both hard and soft handover schemes for purpose of intra­
layer handover are investigated.
5 .3 .1  H a rd  H a n d o v er  H iera rch ica l S y stem
In CASE 2, only macro users are allowed to perform inter-layer handovers. The inter-layer 
handover is triggered when a macro user is in link outage from its controlling BS while the micro 
layer base station is able to provide sufficient signal quality. The intra-layer hard handover is 
modelled such that a mobile user can only communicate with the nearest base station in its layer 
at a time [Vit94]. In order to calculate a micro user’s SDR deterioration, the SIR it experiences in 
CASE 1 has to be derived. As shown in Figure 5.2, without losing generality, we consider a user 
located at (x, y) in any ATth (AT = 1 , 2  or 3) tier of micro cell as desired user and the cell is indicated 
as cell zero (cell 0 or BS0). The total area and the area of cell zero are indicated as S and So, 
respectively. Hence, the total interference to BS0 from micro users can be derived as:
where the IH Sq and Iff — indicate the interferences from own cell and other cells, respectively. 
The notations of x and y are dropped for convenience.
(5.7)
’0
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In CASE 2, BS0 also suffers the interference from macro handover users. First, we derive the 
probability that a macro MS performs a macro-micro inter-layer handover. The link outage 
probability for a macro MS at location (x, y) can be derived as:
Pout,H,Ma (X’ y )  =  Q M u A  ^ ° ë rMA,c P  CmA,c ^  YMa\
- e c ^ " 10^ 108^ ) ( 5 ' 8 )
&MA
where t,MA represents the shadowing component at location (x, y).
Similarly, a micro user’s outage probability, P0ut,H,Mi(x> y) can be defined as:
Pout,H,Ml(X’y )~  Pl’{l®Mmî l° ê rMZ,c CmI,c ^  YMl\
_  q ç  Y  Ml ~   ^ rMI,c  ^ (5 -9 )
^Ml
Therefore, the probability that a macro MS hands over to micro layer at location (x, y) can be 
expressed by:
PH,MA-Ml{x » y )  -  Pout,H,MA ( l  ~  Pout,H,MI )  ( 5 . 10)
Defining Ih.ma-mi as the additional interference from macro handover users, the total interference to 
BS0 now can be rewritten as:
IHHO ~  I H +  I  H,MA-MI
ioW 1 0
- ! h + E  i i ^ ^ o l0^ .o /10 K MAPH,MA-MIdxdy (5.11)
h  + « w  ,2k ma \ \ f y y ~ p HMA_m dxdy
S M/,0
where cr2 = (J 2Ml + c t2ma
5 .3 .2  S o ft H a n d o v er  H ie r a rc h ic a l S y stem
In macro/micro overlaying systems, the intra-layer soft handover is modelled in such a way that a 
mobile user can communicate with two nearest base stations within the same layer. The 
controlling BS is chosen as the one with less signal attenuation. We consider a micro user located 
in cell zero (BS0) as desired user. As depicted in Figure 5.3, the region of S0 represents the 
hatched six-pointed star area with micro layer BS0 in the centre. In such a region, either BS0 or a 
nearest neighbouring base station could be the controlling BS. Therefore, in CASE 1, the total 
interference to micro layer BS0 can be derived as:
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h  h,s0 + ^s,s0 (5.12)
h,s, = (Nu,- l ) + E \ \K w ^ r - ^
(5.13)
= (N u, - 1 ) + ^ “'» K w\ \ - ^ Q ( j 2 P o m + Ul*
i;C :0 V2 o M,
where M MI i (x, y) = \OjU m i d M i A x > y ) -
Figure 5.3 Macro/micro hierarchical systems with intra-layer soft handover
When area outside S0 is considered, the nearest two BSs from location (x, y) are presented as BS! 
and BS2. Then, interference to BS0 from this area can be derived as [Vit94]:
h,Ta = E \J<
1 1 /10 
UMI, l iU p
£ m i . o  ^ 1 0So ¿ £ - 1 04“ "
feilO^"'10 < dm,2lO4'" 2'10}
+
d t"  lOf" 2' 10l MI ,  2
(5.14)
MI ,0
JJ
s0 'mi,0 MI
In CASE 2, we also denote the nearest two BSs from location (x, y) as BSi and BS2 (Figure 5.3) in 
both layers. Since shadowing components from different base stations are assumed independent, 
the outage probability in macro layer at location (jc, y) can be presented as:
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Pont,S,MA (•*■’ y) ~ l°g rMA\ + ^ MA,l>^ flMA 1°S YMA,2 + £MA,2 } > VmA }
_ q Y^MA ~~^HmA 1°S VMA,1 }Q(VMA ~^^MA l°g rMA,2  ^ (5.15)
®MA 0 MA
Similarly, the outage probability of a micro user at location (x, y), Pout,s,Mi(x> y)> can be derived as:
n A. rt/YMI ~ ^ H mI ^ °ZrM I M I  ~^^M I 1°S rM/,2 N ,r 1 ^
pout,sMi I*» y ) = Q(   )G( ) (5.i6)
Ml °MI
Hence, the probability that a macro user hands over to micro layer at location (x, y) is given as:
PS,MA-MliX’ y ) ~  Pout,S,MA^~Pout,S,MI ) (5.17)
Finally, the total interference to micro layer BS0 in CASE 2 can be presented as:
I sho ~ Is  + I s ,ma- mi (5.18)
where the Is,ma-mi corresponds to the interference introduced by macro handover users and can be 
derived as:
10^MA'l/10 J Mma in^MA‘2/10l
T _  p  f ( 7  1 a A M ,li U  * A/A,2 J y  p  W  V
S,MA-MI ~ & JJ( ,Mm CM, o/10 MA S,MA-MI)ax(^y
S a MI, 0AU
(5-19)
- 2 e ^ a)1'2K  f f^MA,\ q ( P&ma , M m a,i~M ma,2 -)P  , ,~ Ze KMA [Z + [Z )PS,MA-MIdXdy
s a Mi,o VZ - y z a MA
with M MAi(x ,y )  = 10 jUMA lo g d MAi( x ,y ) , i = 1, 2.
For a micro user, the signal power received by its controlling BS is unity. Therefore, the uplink 
SIR for a micro user in CASE 1 and CASE 2 now can be summarised in the following table.
Table 5.1 Uplink SIR of micro users in CASE 1 and CASE 2
CASE 1 CASE 2
Hard handover system 1 /Ih 1 /Ih h o
Soft handover system 1/Is 1/IsHO
5 .4  U s e r  P e r fo r m a n c e  in  C A S E  3
In CASE 3, only micro users are allowed to perform inter-layer handovers to macro layer. In this 
section, we analyse uplink SIR for macro users and micro handover users, as both of them would 
experience SIR deteriorations. We consider a micro user j  located at (xj, yj) who hands over to 
macro layer as desired user. Before handover, it experiences the same SIR as in CASE 1.
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5.4 .1  H a rd  H a n d o v er  H iera rch ica l S y stem
a. Micro Handover User Performance
We assume that a micro user MS j  at (xj, yj) is located in the macro cell 0 and hence MS j  will 
communicate with macro BSo after inter-layer handover. Therefore, from the perspective of user j, 
the interference to macro cell BS0 ( I h h o )  consists of contributions from macro users (Jh,Macro) and 
micro handover users (Ih,Micro)- Hence,
I  = I  + 1HHO H Macro H M icro (5.20)
1  a  Macro  =  1 S0 +  %  =  N  MA +  £ J J  ^  ^ . „ / l O  K MAd x d f
S0 MA,0
r MlUA
= N MA+e ^  K m [ ^ d x d y
SQ 'MA,0
,,</£? 10f" ' /I0
I = F  ff.
l H M icro ^  JJ
(5.21)
s d maa>010
Cm o /10 M l-M A ^ d y
,d Ma
(5.22)
(Bcr)212 Tjr f f  MI,c  t )  j  r
e  m i  J J ,^ A,M Mi-MA^xdy
S MA,0
where the Phmi-ma represents the probability that a micro user hands over to macro layer and can 
be defined as:
Phmi-ma (■*> y  ) Pout,H,Mi (l P0ut,H,MA ) (5.23)
where the Pout,HMA and Pout,HMi indicate user’s outage probabilities in different layers defined by 
Equation (5.8) and (5.9), respectively.
For micro handover user MS j ,  the signal power received at macro BS0, now its serving base 
station, PH,MAj(.Xj> yj), can be presented as:
d m'c{x j - y f
d ^ A x i - y M mAxi’^ no
_  J . p a f n  > ';)
d m,o {x j<yj)
(5.24)
b. Macro User Performance
For a macro user, the interference to its controlling BS can be derived as:
59
Chapter 5 Impacts of Soft Handover on Hierarchical CDMA Cellular Systems
I HHO  =  ( / H, Macro H,M icro (5.25)
where the first part represents the interference from macro users and the second part indicates the 
interference form micro handover users. It has to be noted that the first part of the equation also 
represents the interference that a macro user’s controlling BS experiences in CASE 1.
5 .4 .2  S o ft H a n d o v er  H iera rch ica l S y stem
a. Micro Handover User Performance
It can be assumed that micro user j  hands over to macro layer at location (xj, yj), which in micro 
layer is in the region power controlled by BSn or BSi2. In macro layer, (xj, y3) is located in the 
region power controlled by macro BSai or BSa2. We indicate Ps,mj(xj> yj) as the signal power 
macro controlling BS receives from user j  after inter-layer handover is performed. Hence, 
dropping the donations x( and yj, the received power from micro handover MS j  to its macro 
controlling BS can be derived as:
The interference to the macro controlling BS of micro handover MS j  includes interferences from 
macro users {Is,Macro) and micro handover users (Is,Micro)- Hence,
Similar to the derivations in Chapter 4, the interference from macro users can be presented as:
(5.26)
where,
(5.27)
+ T
S , Macro S, Micro (5.28)
Is,Macro I s , S 0 + I s , S Q (5.29)
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h ,s0
aa __ m
N ma + e (> “ > K ma ¡¡ J ^ Q ( j 2 f r MA + a^M'° )dxdy  (5.30)
S0 rMA, 0 V ^ MA
'rMAA,a\ r if  P®MA , M MA, al~MiT — f f  . l  lV1 ,a\ lV1 MA,a2  ^ ,
^  +  JT ~ ----------- W  (5.31)
S0 MA,0 v AC/ ma
After micro user j  hands over to macro layer, it could be connected to macro base station a l or a2. 
Therefore, the interference from micro handover users to the macro controlling BS of MS j  can be 
derived as:
ISMcro = Pr{BSal controls} • {interference to BSal}
+ Pr{BSa2 controls} • {interference to BSa2}
= interference to either B S from micro handover users (5.32)
rm,i |
s rMA%i ^2 4 ‘-2crMI
= 2e^a)lnK  • o ( P a w  dxdvZ6 JLaam + [Arr Is,Ml-MAaXC*y
mam\ V
where PSMi~ma (■*> y )= pout,s,Mi t1 “  pout,s,MA) represents the probability for a micro user to handover
to macro layer. The P0Ut,sMA and P0ut,s,Mi denote the user’s outage probabilities in different layers 
defined by Equation (5.15) and (5.16), respectively.
b. Macro User Performance
For a macro user, similarly, the interference to its controlling BS can be derived as:
ISHO -ifs,M acro~ 1 }+ I S,Micro (3.33)
where the first part represents the interference from macro users and the second part indicates the 
interference from micro handover users. The first part also represents the interference that a macro 
user’s controlling BS experiences in CASE 1. Finally, the following two tables summarise mobile 
users’ performances in terms of uplink SIR in different cases.
Table 5.2 Uplink SIR of micro handover users before and after handover
Before inter-layer HO After inter-layer HO
Hard handover system 1/Ih P h ,m a ,/Ih h o
Soft handover system 1/Is Ps,MA,j /IsHO
Table 5.3 Uplink SIR of macro users in CASE 1 and CASE 3
CASE 1 CASE 3
Hard handover system l/( Ih,Macro "1) 1/I’hho
Soft handover system l/( Is,Macro “1) 1/I’sHO
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5 .5  N u m e r ic a l  R e s u lt s
The numerical computations are carried out throughout an area consisting of three tiers of 19 
macro cells. The RMi is set to 400 metres and there are three tiers of 19 micro cells within a macro 
cell. The fade margins in macro and micro layers are set in such a way that users’ link outage 
probabilities keep 0.1 on the cell boundaries, according to Equation (5.8) and (5.9) for hard 
handover system and Equation (5.15) and (5.16) for soft handover system, respectively. User 
densities are assumed to be 40 users per cell in both layers. The calculated interference powers in 
the following figures are normalised by the desired received power, which is set to unity.
5 .5 .1  R esu lts  o f  C A S E  2
As shown in Figure 5.4 and 5.5, in CASE 2 systems, the macro handover users introduce extra 
interference to micro users especially to those who are located at the edge of a macro cell (K  = 3). 
The interference to a micro user decreases when micro cell path-loss exponent increases and 
increases when st.d. of shadowing in micro layer increases. The further the user’s location is from 
the centre of a macro cell, the more interference the user experiences. Therefore, in CASE 2, the 
interference to a micro user is heavily dependent on its location and the environmental conditions.
It has also been observed in Figure 5.5 that in CASE 2 systems, intra-layer soft handover reduces 
the additional interference introduced by macro handover users to some extent, compared to hard 
handover systems.
5 .5 .2  R esu lts  o f  C A S E  3
In CASE 3 systems, the uplink interference for a macro user has been shown in Figure 5.6. It can 
be seen that the additional interference from inter-layer handovers can be neglected unless the 
path-loss exponent in micro cells is higher than that in macro cells. Again, soft handover benefits 
the systems by reducing the extra interference.
The uplink SIR of a micro handover user is shown in Figure 5.7 and Figure 5.8 for systems with 
intra-layer hard and soft handover, respectively. It has been observed that unless the micro 
handover user is located at the centre of a macro cell, its SIR deteriorates. The further the user’s 
location is from the centre of a macro cell, the worse SIR it experiences. Therefore, the micro 
handover user’s uplink SIR deterioration in CASE 3 is mainly due to its low transmission power 
and heavily depends on its location. Furthermore, it has been shown that the intra-layer soft 
handover noticeably improves the SIR of micro handover users to some extent.
62
Chapter 5 Impacts of Soft Handover on Hierarchical CDMA Cellular Systems
5 .6  C o n c lu s io n s
In this chapter we analyse the uplink quality in terms of signal to interference ratio in a 
CDMA/CDMA based hierarchical cellular network. An analytical approach has been built to 
investigate two different inter-layer handover scenarios where only macro-micro handovers and 
only micro-macro handovers are allowed, respectively. Two main issues have been addressed, 
namely the uplink SIR deteriorations by extra interference introduced by inter-layer handovers 
and the impacts of applying intra-layer soft handover to compensate such signal quality 
deteriorations.
It has been shown that inter-layer handovers will introduce extra uplink interference to the users 
in the target layer. With inter-layer handovers in macro-micro direction, the SIR deteriorations to 
the micro users are mainly caused by the high transmission powers of macro handover users, 
whereas macro handover users normally will not experience SIR deteriorations. In another case of 
inter-layer handovers in micro-macro direction, macro users suffer slight SIR deteriorations 
whereas micro handover users experience severe SIR deteriorations due to their previous low 
transmission powers. It has to be noted that the SIR deteriorations heavily depend on the locations 
of inter-layer handover users and environmental conditions such as path-loss exponents and 
shadowing variations.
It has been also observed that intra-layer soft handover can reduce the additional interference to 
some extent in all scenarios, in comparison with hard handover. This is benefited from the signal 
diversity in soft handover procedure, which reduces users’ transmission powers, thereafter the 
interference to other users.
Therefore, inter-layer handover should be taken into account with great care when both layers 
employ CDMA as their radio access techniques. As stated in Section 5.1, the additional 
interferences introduced by inter-layer handovers are mainly due to the fact that a handover user is 
not able to predict the uplink signal attenuation to the target base station in another layer. 
However, a forward handover scheme, where the user sends handover request to and receives the 
confirmation of handover from the target base station, could be considered as a possible solution 
to this problem.
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Micro user intereference in C A S E 2  with HHO
7 8 9
st.d. of m icro cell shadow ing (dB)
Figure 5.4 Micro user’s uplink interference versus st.d. of micro layer shadowing, CASE 2 with intra­
layer hard handover (pMA = 4.0, crMA -  8 dB)
M icro user intereference in O A SE2 with SH O
st.d. of micro cell shadow ing (dB)
Figure 5.5 Micro user’s uplink interference versus st.d. of micro layer shadowing, CASE 2 with intra­
layer soft handover (]Jma= 4.0, aMA = 8 dB)
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Macro user intereference in CASE3
Figure 5.6 Macro user’s uplink interference versus st.d. of micro layer shadowing, CASE 3 (jima
4.0, Om\  -  8 dB)
SIR of a micro handover user in CASE3 with HHO
Figure 5.7 Uplink SIR of a micro handover user versus its location, CASE 3 with intra-layer hard 
handover (crMA = am = 8 dB, Pma = Ihti = 4.0). The surrounding edge indicates its SIR before the
handover
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SIR of a micro handover user in CASE3 with SHO
—  -2 5 -  CO
2000
1000
Distance (m) -2000 -2000 Distance (m)
Figure 5.8 Uplink SIR of a micro handover user versus its location, CASE 3 with intra-layer soft 
handover ((Tma = oMI= 8 dB, /jMA = -  4.0). The surrounding edge indicates its SIR before handover
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C h a p t e r  6
6  I m p a c t s  o f  S o f t  H a n d o v e r  R e l a t e d  F a c t o r s
The previous two chapters have carried out investigations into the impacts of soft/softer handover 
on different mobile system deployments by comparing their uplink performances with those of 
hard handover cases. Such investigations are upon a system-level, assuming that a certain soft 
handover algorithm is applied. In practical systems, however, soft handover procedure, which is 
based on soft decisions, exhibits complex behaviours. Furthermore, the performance of applied 
soft handover algorithm might be affected by various factors. For instance, soft handover 
thresholds could be pre-set and fixed or set as relative with respect to the pilot measurements of 
the active set. It is also expected that soft handover performances will be affected by various 
triggering mechanisms. Hence, a comprehensive understanding of soft handover behaviours in 
the presence of the impacts of different factors is essential to tuning and optimising soft handover 
performance. Moreover, this work will also pave the path to the insights into proposing enhanced 
soft handover algorithms to achieve optimised system performance.
The following factors that might affect soft handover performance in one way or another are 
taken into considerations in this chapter.
Absolute and relative soft handover thresholds: As mentioned in Chapter 3, either of the 
adding and dropping thresholds or both of them may be based on absolute or relative 
values. However, the advantages and disadvantages of using absolute or relative 
thresholds on handover performance particularly in an interference-limited system are 
not fully identified and need to be studied before any enhancements and optimisations to 
soft handover performance are carried out.
■ Power and SIR triggering mechanisms: A soft handover algorithm might be triggered by 
power or SIR measurements of downlink pilot channel, as mentioned in [3gpp99a]. The 
resulting differences between them in terms of specific handover performance metrics 
particularly under various cell loads will be studied.
Individual soft handover parameters: The setting and tuning of some key parameters in a 
soft handover algorithm are expected to have a decisive impact on soft handover 
performance. To fully understand such an impact, UTRA soft handover algorithm, as an 
example, is taken into account where the key parameters are identified as the hystereses
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for adding and dropping thresholds (Hadd and Hdrop), time-to-trigger (T) and averaging 
window size (N). Each parameter is simulated within a wide range of possible values 
under the condition of fixing all the other parameters.
Due to the complexity of soft handover behaviours and the fact that the event of updating active 
set may depend 011 the previous measurements, when approaching a practical soft handover 
algorithm, it becomes very difficult to carry out numerical analysis to investigate its performance. 
In such a case, a comprehensive system-level simulator generally is applied and the simulator has 
to be dynamic where the current system state is based on the previous system states.
6 .1  D e s c r ip t io n  o f  D y n a m ic  S y s t e m - L e v e l  S im u la t o r
6 .1 .1  S im u la to r  D escr ip tio n
A dynamic system-level simulator is essential to emulating continuous behaviours of mobile 
users in a mobile radio network. This is particularly important for soft handover performance 
evaluation where the necessary connections between continuous system profiles are needed. In 
this section, a dynamic system-level simulator is built in a wideband CDMA based mobile 
cellular radio network with FDD mode. The downlink is the main concern as soft handover has 
controversial impacts on downlink. In such a system, it is assumed that a single frequency carrier 
is reused by all the cells. A typical rural vehicular environment with vehicular users scattered is 
modelled. This simulator will be used throughout most of the simulations in our work unless 
explicitly stated otherwise. The details of some important modules involved in the simulator are 
described as follows.
a. System Deployment
The simulation scenario is set in a rural vehicular environment where the homogeneous area 
consists of four tiers of 37 hexagonal omni-directional cells. In CDMA cellular systems, the link 
quality in one cell is affected by the interference from both own cell and other surrounding cells. 
Hence, in the simulations, the data collected from the base stations close to the boundary of the 
simulation area are considered as not accurate, as there is no interference from part of their 
surrounding cells. This in general is called the boundary effect. To eliminate such an effect, only 
quality statistics of users located in the inner two tiers of 7 cells are collected [Hec02]. The cell 
deployments in the simulation area are depicted in Figure 6.1, where the data collection area is 
highlighted in grey.
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Figure 6.1 Cell deployments in a vehicular environment
b. Mobility Model
In such a vehicular environment, the mobility model similar to what in [Hwa97] is adopted where 
the velocity of vehicular users is set constant. Mobile users move around the simulation area and 
their initial directions (in degree) are generated by the uniform distribution within the range of 0 
and 360. After an exponentially distributed amount of time, with mean equal to 60 seconds, the 
user’s direction of movement is changed. The new direction is generated by a Gaussian/normal 
distribution with mean equal to the user’s old direction and st.d. of 30 degrees. The PDF 
functions of uniform and exponential distributions can be presented as the following two 
equations, respectively.
/  M =
i
b - a
0
a < x < b \  b >  a 
otherwise
(6.1)
/  W  =
— exp(——) jc> 0
x.„
0
(6.2)
otherwise
where xm represents the mean of random variable x.
c. Propagation Model
In mobile communication systems, the signal attenuation along the propagation path normally is 
modelled as the sum of three distinct components, namely the path-loss, slow fading or 
shadowing and fast fading. The path-loss primarily is a function of transmitter and receiver 
separation [Hat80]. The shadowing occurs due to the effects of buildings, small terrain features,
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trees, etc. The fast fading is caused by the wave interference between two or more multipath 
components that arrive at the receiver while the mobile travels in a short time or over a short 
distance. It can be well modelled as a Racian 01* Rayleigh distribution depending upon the 
existence of a dominant multipath component or not. The correlation distance of fast fading 
normally is on the order of less than wavelength [Gib96].
According to the ETSI document for evaluating selected test environments for UMTS [Etsi98a], 
the following path-loss model should be used in the vehicular environment,
L = 40(1- 4 x 10"3 Ahb) log(fl)-18 log (Ahb) + 21 log ( / )  + 80 (6.3)
where the R and Ahb represent base station to user separation in kilometres and base station 
antenna height in metres measured from the average rooftop level, respectively. The / is  referred 
to as the earner frequency i.e. 2000 MHz for UMTS. Considering Ahb of 15 meters as indicated 
in [Etsi98a], the path-loss model can be simplified to,
L - 128.1 + 37.61og(/?) (6.4)
It is worth noticing that the path-loss shall in no circumstances be less than the free space loss,
which is defined as,
L fs = -1 0  log( —3 —) 2 (6.5)
4tt r
with X and r the wavelength and distance both in meters, respectively.
Studies have shown that the shadowing in dB can be reasonably modelled as a Gaussian 
distribution with zero mean and a st.d. ranging from 4 to 14 dB, depending on the terrain and 
buildings [Rpa95]. Furthermore, field-testing data suggest that the successive shadowing samples 
along the propagation path from a base station are correlated, which normally is defined as the 
auto-correlation of shadowing. This property can be well described with an exponential function 
[Gud91] as follows,
r(Ax) = exp(-|A*|/Xc) " (6.6)
where Ax represents the spatial separation between two shadowing samples and Xc corresponds to 
the effective de-correlation distance that indicates how fast the correlation decays with distance. 
This exponential form of the auto-correlation function suggests that the shadowing variable can 
be represented by a first-order autoregressive process where the n th shadowing sample can be 
given by,
C(n) = r£(n~l)  + y l l - r 2%(n) (6.7)
70
Chapter 6 Impacts of Soft Handover Related Factors
where x(n) is a sample of a white Gaussian variable with mean of zero and st.d. of a. It is easy to
check that (fri) has a mean of zero and st.d. of cr, and the auto-correlation between two 
shadowing terms separated with distance of JcAx can be derived as,
When pilot channel is measured for soft handover purpose, N received signal samples are
are averaged out due to its short correlation distance. Hence, fast fading is not taken into account 
in the simulations.
d. Signal Model
We assume that a base station contains a common pilot channel and a number of dedicated traffic 
channels. Other control channels such as broadcast, paging and synchronisation channels are not 
considered. Power control in the downlink is not modelled in this chapter because of its narrow 
dynamic range, the uniformly distributed user pattern and the dependency of soft handover upon 
pilot channel, which normally is not power controlled in practical systems. Therefore, the 
transmission powers allocated to pilot and traffic channels are fixed.
Hence, the instantaneous received power from pilot channel of base station i can be presented as:
where the Imm and Ioth are referred to as the own cell and other cell interference respectively and 
can be derived as:
hi the above equations, the p,, and p, are transmission powers allocated to pilot and traffic 
channels, respectively. The w represents the chip rate of 3.840 Mcps for UTRA. The L,- and §  
represent, in dB, the path-loss and shadowing from i th base station, respectively. The Ni is 
referred to as the number of users served by base station i. The 7] is the orthogonality factor of 0.5
W M  -  f(» ))(f  (n -  ky-C(n ■- ft))]
ST-1 = r(kAx) = rk(Ax) (6.8)
normally averaged over a rectangular window to reduce the effect of signal fluctuations caused 
by shadowing and fast fading. It is therefore reasonable to assume that the impacts of fast fading
(6.9)
The instantaneous received Ec/I0 can be derived as:
(6.10)
(6.11)
(6.12)
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for own cell interference introduced by non-orthogonal nature between downlink channels, n = 
n0'w  -  N / k 'T o'w is the noise power for an empty cell, where Nf is the receiver’s noise figure, ic is 
the Boltzmann constant (1.381 • 10"23 Ws/K) and T0 is the absolute temperature. For T0 = 293 K 
(20 °C) and Nf = 1, this results in n0=  -174.0 dBm/Hz and n -  -108.1 dBm [Lai02].
e. Traffic Generation and Cell Selection
Real-time speech service of bit rate Rb = 8 kps is considered in the simulations. Calls are 
randomly generated in simulation steps following a Poisson distribution, which normally is 
applied to produce random numbers indicating independent events during a period of time. The 
PDF function of a Poisson distributed random variable x can be expressed as,
/(* )=
p~x X x
x e  (0, 1,...)
x\ (6.13)
0 otherwise
where the 1 represents the mean arrival rate over the time period. The duration of a call follows 
an exponential distribution with mean of 100 seconds.
After a new call/user is generated, it needs to be allocated a random location in the simulation 
area as well as a serving base station for possible communications.
/ .  Cell Selection
As soon as the mobile user attempts to join the network, it is necessary to choose a base station to 
relay the signalling and data flows to the core network. The mobile terminal starts receiving pilot 
signals from all the surrounding base stations and the base station with the strongest pilot at the 
user terminal is then chosen as the serving or ‘home’ base station. This procedure is generally 
referred to as the cell selection, hi our simulator, the strongest pilot may be defined as the best 
received SIR or signal power, corresponding to soft handover algorithms triggered by SIR or 
power. The serving base stations in these two cases are very likely to be the same when the 
system is lightly loaded, where the multiple access interference does not have a significant 
impact on the downlink SIR, or when all the cells have the same average load, which means that 
the interference generated in each cell would be similar.
In the case that the serving base station cannot accommodate the new service based on a designed 
admission control scheme, the call attempt is blocked.
g. Call Admission Control
A  number based call admission control algorithm is applied [DimOO]. This algorithm relies on the 
number of active users supported in the cell. If the number of active users is more than a 
threshold, the new call request is blocked. The threshold is determined by the capacity
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calculations and the availability of spreading codes in both links. For instance, in a CDMA 
system providing single service with required Eb/I0, the capacity normally is limited by the uplink 
interference. Hence, the pool capacity can be calculated as, considering the bit rate R service 
activity d, other cell interference factor k, and power control error epc [Gil91],
_ T w/.R/, 1 1  1
N  =  b----------   (6.14)
E . I I  d e  1 + kb o pc
Therefore, the threshold for admission control can be defined as the Nmax imposed by the 
condition of code availability i.e.,
f Af codes availble in both links
thcac=  1 (6.15)
[0 otherwise
In our work, we assume that the number of codes is not the limitation factor. Hence, the 
admission threshold is determined by Nmax alone.
6 .1 .2  S o ft H a n d o v er  P er fo r m a n c e  M etr ic s
Two categories of performance metrics can be defined to evaluate soft handover algorithms. The 
metrics related to the quality of service include:
Call blocking rate (Pbik): The probability that a new call attempt is blocked. It is defined 
as the ratio of blocked calls to the total call attempts.
Outage probability (Pout): The probability that received Eb/I0 of traffic channel falls below 
required Eb/I0 i.e. (Eb/I0)req for a specific service. The outage probability has a direct 
impact on the call dropping and hence the QoS. A call has to be dropped if the link 
quality keeps in outage for a period of time
It has to be noted that the link outage is with respect to the data traffic channel where generally 
Eb/I0 is used to indicate the link quality. Similar to Equation (6.9), it can be expressed as:
S ., / Ru
iIo«n+Io,/,+»)/«’ 
w Pt\0{L,Hi)nQ (6.16)
Rb (1 -n)(Pp + (N, - l)^ )1 0 <,-'+f ')/10 + £(/>„ + NjP,)l O ^  J)/1° + n
j* l
where St,i represents the received power of the traffic channel to user i.
The performance metrics related to the system resource efficiency include:
Mean Active Set Number (MASN): The average number of base stations involved in soft 
handover for a single user. A high MASN normally indicates that either many users in
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the system require soft handover or individual users demand many cells in soft handover. 
Both cases in general will lead to the improvement of downlink quality to soft handover 
users. However, it causes more power consumptions in downlink, thereafter more 
interference to non-soft handover users. Moreover, the extra utilization of downlink 
traffic channels by soft handover users will increase the chances for new calls to get 
blocked.
Active Set Update Rate (ASUR): The average number of changes in a user’s active set 
per second. Each update event of active set is accompanied with a set of signalling links 
between UE and network as well as signalling between different functional blocks within 
RNC. Therefore, excessive active set updates may result in heavy signalling load and 
signalling congestion.
Soft handover probability (Psh0): The probability that a user is in soft handover during the 
call time. In simulations, this metric can be equivalently defined as the proportion of soft 
handover users to all active users at a time. A typical value of Psh0 would be between 
20% and 50%.
6 .2  I m p a c t s  o f  A b s o lu t e  a n d  R e la t iv e  T h r e s h o ld s
As discussed in Chapter 3, in principle a soft handover algorithm includes two important 
thresholds, namely adding threshold of T_ADD and dropping threshold of T_DROP, in order to 
maintain a user’s active set. Various ways of constructing these two thresholds will form 
different soft handover algorithms, leading to different impacts on the system performance. The 
thresholds generally can be formed in absolute and relative manners. In the former manner, the 
thresholds are pre-defined and fixed, while in the latter case they are dynamic and formed with 
relevance to the measured qualities of the active set cells.
Several soft handover algorithms have been proposed and used in IS-95 and cdma2000 
respectively and their performances have been evaluated in literature [NarOl, LinOOb, Zha98a, 
ChaOl]. Among those works, soft handover algorithms are either based on absolute thresholds 
[ChaOl] or relative thresholds [Zha98a]. However, these two types of soft handover thresholds 
have not been properly compared under similar conditions in terms of propagation, traffic load 
and mobility behaviour. Hence, the advantages and disadvantages of using absolute or relative 
soft handover thresholds are not well understood. It therefore appears there is a need for the 
comparisons of different prototype soft handover algorithms based on absolute or relative 
thresholds, as this work is essential to the further research on enhanced soft handover algorithms.
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In this section, three different soft handover algorithms are taken into considerations and their 
performances are compared in the same operational environment. These three algorithms 
represent typical ways of constructing soft handover thresholds. In the first algorithm (Alg. 1), 
both adding and dropping are based on absolute thresholds. In the second algorithm (Alg. 2), the 
dropping threshold is absolute while the adding threshold is relative. The last algorithm (Alg. 3) 
is based on two relative thresholds.
The simulations are performed in vehicular environment in UTRA network. In our work, we 
mainly focus on the triggering of soft handover decisions and assume that once a decision is 
made (based on the soft handover algorithm and the channel availability of target cell), the soft 
handover procedure will be successfully performed without delay. We also assume the signalling 
related to soft handover procedure is error free, i.e. the transfer of the measurement reports and 
handover decisions between the mobile user and network will not be affected by the delays and 
errors of the signalling. Normally, the decision of adding or removing a base station in or from 
the active set is a complex process and may be based on various criteria such as signal power of 
pilot, Ec/I0 of pilot and uplink measurement [Ata97]. Among those, the Ec/I0 of the pilot channel 
is the most often used criterion. Hence, in this section the three soft handover algorithms are 
based on the measured Ec/Io of pilot channel to make them comparable. To make it concise, the 
term of signal strength indicates the instantaneous Ec/I0 of pilot channel while averaged signal 
strength denotes the averaged Ec/Io over N instantaneous measurement samples of pilot channel.
6.2.1 Different Algorithms Studied
In principle, a soft handover algorithm is performed to maintain users’ active sets with 
incorporation of a set of thresholds and other parameters. An event of ‘adding’ happens when the 
signal strength of a monitored set cell is higher than T_ADD, resulting in the inclusion of the cell 
in the active set and hence the start of the communication to the user. When the signal strength 
from an active set cell continuously falls below T_DROP for a period of T time, an event of 
‘dropping’ is created, resulting in the removal of the cell from the active set and hence the 
termination of its connection to the user.
a. A lgorithm  1
Alg. 1 is an absolute thresholds based algorithm in which T_ADD and T_DROP are pre-set 
values [Sei94]. A similar mechanism was adopted in IS-95 CDMA system [Tia93]. Therefore, 
Alg. 1 can be simply expressed as:
T ADD -  pre - set value
(6 .17 )
T_DROP = pre - set value
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b. A lgorithm  2
Alg. 2 is a single relative threshold based algorithm in which only T_DROP is a pre-set value. 
Similar to the definition of T_ADD in cdma2000 RTT candidate [Tia98], the relative T_ADD in 
this algorithm is defined as a linear function of the summation of the averaged signal strengths in 
the active set. It is understood that this algorithm can guarantee that the active users always 
communicate to the best cell [Cho95]. It has to be noted that the adding threshold should be 
higher than the dropping threshold in order not to include cells weaker than the current serving 
cells. Therefore, this algorithm can be expressed as:
T_ADD = max {Soft_slope * (Ec/I0 )add + Add_intercept, TJDROP} (6 18)
T_DROP = pre - set value
where the Soft_slope and Add_intercept are system parameters. The (Ec/I0)add indicates the sum of 
averaged signal strengths in the active set and can be presented as (in dB),
c. A lgorithm  3
Alg. 3 is based on double relative thresholds where both T_ADD and TJDROP are defined as 
linear functions of the maximum averaged signal strength in the active set [3gpp99a]. Therefore, 
Alg. 3 can be expressed as:
where the Drop_intercept refers to a system parameter. The (Ec/I0)max denotes the maximum 
averaged signal strength in the active set. T0 and T! represent the lower bounds of T_ADD and 
T_DROP, respectively.
It can be seen that in both Alg. 1 and Alg. 3, soft handover window remains constant whereas in 
single relative threshold based Alg. 2, it varies dependent upon the current signal strengths in the 
active set.
6.2.2 Example Results
Some key simulation parameters and their settings in vehicular environment are summarized in 
Table 6.1, according to the UTRA document [Etsi97]. The (Eb/I0)req is set to 5.6 dB as required 
for speech service of 8 kbps. The service activity is not modelled in the simulation but its impact 
of a typical value 0.5 is virtually taken into consideration by reducing required Eb/I0 by 3 dB. 
Downlink orthogonality factor is assumed to be 0.5. The averaging window size N is fixed to 20 
samples and T is set to 8 samples. The absolute TJDROP is defined as ((Eb/I0)req -101og(w/R6) +
(6.19)
T_ADD = max {Soft_slope * (Ec/I0 )max + Add_intercept, T0} 
TJDROP = max {Soft_slope * (Ec/I0 )max + DropJntercept, T,}
(6.20)
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3) -  2 dB while the absolute T_ADD in Alg. 1 is defined as ((Eb/I0)req -101og(w/R&) + 3) + 2 dB. 
This is because the pilot channel is allocated a 3 dB higher transmission power than traffic 
channels, which means the required pilot SIR will be roughly 3 dB higher than that of traffic 
channel in a traffic-uniformly-distributed area. The difference between absolute T_ADD and 
T_DROP in Alg. 1 is 4 dB to accommodate qualified cells in the active set. Other parameters 
regarding soft handover algorithms are set as follows: Soft_slope = 1, Add_intercept = 0 dB, 
Drop_intercept = -4  dB. Moreover, T0 and Ti are set as negative infinite to remove their effects.
Table 6.1 Simulation parameters in UTRA vehicular environment
Parameters Settings
Simulation system UTRA FDD downlink
Simulation scenario Rural vehicular
User speed (m/s) 10
Cell radius (m) 2000
st.d. of shadowing (dB) 8
Xc (m) 20
Pilot channel Tx power (dBm) 33
Traffic channel Tx power (dBm) 30
Maximum users supported in one cell 26
Figure 6.2 to 6.5 illustrate the performances of three algorithms under different offered loads 
varying from 0.1 to 0.4 calls/second/cell. It can be seen that the differences of applying absolute 
and relative thresholds for adding or dropping are considerable.
It is depicted in Figure 6.2 that when cell load increases, MASN of Alg. 3 decreases slowly, 
MASN of Alg. 2 exhibits a sharper reduction and MASN of Alg. 1 reduces with a steep slope. 
This can be explained by the fact that an event of adding depends upon both the adding threshold 
and the channel availabilities of the target cells whereas an event of dropping depends only upon 
the dropping threshold. When cell load increases, the signal strengths of both serving and target 
cells will reduce. For absolute threshold based Alg. 1, it will become less likely to find a qualified 
target cell even if the serving cells are in poor qualities, due to absolute T_ADD. At the same 
time, the absolute T_DROP will lead more servicing cells to drop from the active set except the 
last one, which will serve the user until the call is forcefully terminated due to a consistent link 
outage. The joint impacts of absolute T_ADD and T_DROP introduce a sharp reduction of 
MASN of Alg. 1, leading to MASN of 1.05 under the cell load of 0.4 calls/second/cell, which 
roughly means only 5% of the total users are in soft handover. For Alg. 2, where T_ADD is 
relative while T_DROP is absolute, the event of adding will not be affected by the signal strength
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deterioration resulted from the increasing cell load, as T_ADD is dependent upon the signal 
strength difference between serving and target cells. The reduction of MASN in this case is 
mainly caused by the more likely dropping events and the target cell channel availability. For 
double absolute thresholds based Alg. 3, the increasing cell load does not have considerable 
impacts on both adding and dropping events, because T_ADD and T_DROP will lower down 
accordingly. Instead, the slight reduction of MANS is mainly caused by the reducing channel 
availabilities of the target cells.
Furthermore, it is worth noticing that Alg. 1 leads to the highest MASN in light cell load 
scenario, where too many target cells qualifies T_ADD while dropping becomes less likely to 
happen. This will lead to an unnecessary waste of network resource. On the other hand, in the 
presence of heavy cell load, Alg. 1 shows very low MASN and more important it cannot 
guarantee that the strongest cell is in the active set, leading to poor link quality.
In Figure 6.3, active set update rates of three algorithms exhibit more significant differences. 
ASUR of Alg. 1 reduces quickly with increasing cell load; ASUR of Alg. 2 increases quickly 
whereas ASUR of Alg. 3 reduces with a much smoother slope. Active set updates, which involve 
both adding and dropping events, are affected by cell load in a similar way as MASN. In Alg. 1, 
an increasing cell load causes adding events less likely while dropping events more likely. 
However, as time-to-trigger is applied to dropping, which introduces a nature of latency, the 
impact on adding events is much more significant than on dropping events, which explains the 
decreasing trend of ASUR. In lightly loaded case, many cells added in the active set contribute to 
the high value of ASUR. In contrast, the increasing cell load affects Alg. 2 mainly in a way to 
increase its dropping events, causing an increasing ASUR as depicted. For Alg. 3, the dropping 
and adding events are not considerably affected by increasing cell load. However, the adding 
events become less due to lack of spare channels in the target cells. As a result, ASUR of Alg. 3 
smoothly reduces.
As to the link outage, as shown in Figure 6.4, Alg. 1 exhibits much higher values compared with 
other two algorithms, particularly under heavy cell loads. This is due to the fact that Alg. 1 
cannot ensure the strongest cell in the active set and the MASN under heavy cell loads is very 
low, which results in low diversity gain achieved from soft handover. However, in Alg. 2 and 
Alg. 3, the relative T_ADD ensures that the strongest cell in the active set, except the case where 
soft handover request is rejected due to lack of channels in the target cells. Therefore, link 
outages of these two algorithms increase slowly under increasing cell load. Moreover, the relative 
T_DROP in Alg. 3 makes those relatively strong active set cells more likely to stay, causing more 
diversity gain and hence lower link outage compared to Alg. 2.
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In general, the call blocking rate will increase as the cell load increases because of lack of spare 
channels to accommodate new coming users. This has been shown explicitly in Figure 6.5. 
Moreover, with a number based call admission control scheme, the MASN has a decisive impact 
on the call blocking rate for a given cell load i.e. the lower MASN will lead to lower blocking 
rate and vice versa. As demonstrated in Figure 6.5, Alg. 1 achieves the lowest call blocking rate 
while Alg. 3 owns the highest one.
-E>- Alg.1 
—a— Alg.2 
Alg.3
•) i------------1________i________i________i______ _i________i_
0.1 0.15 0.2 0.25 0.3 0.35 0.4
Call arrival rate (/second/cell)
Mean active set number versus call arrival rate
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Figure 6.2 Mean active set number versus call arrival rate
Active set update rate versus call arrival rate
S
0) 0.035 to
0.025
0.1 0.15 0.2 0.25 0.3 0.35 0.4
Call arrival rate (/second/cell)
Figure 6.3 Active set update rate versus call arrival rate
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Call arrival rate (/second/cell)
Figure 6.4 Outage probabilities versus call arrival rate
Call arrival rate (/second/cell)
Figure 6.5 Call blocking rate versus call arrival rate
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6.2.3 Trade-off of Soft Handover Performances
Ideally, a soft handover algorithm requires that all performance metrics of MASN, ASUR, link 
outage and blocking rate be as low as possible. However, it has been observed from the 
simulation results that it is very hard to achieve this goal. None of the algorithms, regardless of 
being constructed by absolute thresholds, combination of absolute and relative thresholds or 
relative thresholds for adding and dropping, outperforms others in all performance metrics. This 
clearly demonstrates the compromising nature of soft handover to the system performance in 
downlink. In summary, the following table concludes the different impacts of absolute and 
relative thresholds under various cell loads. The light cell load here represents the case where the 
channel availability has no significant impacts on soft handover performances.
Table 6.2 Impacts of absolute and relative thresholds on soft handover performances
Thresholds
Light cell load Heavy cell load
MASN ASUR Pout Pblk MASN ASUR Pout Pblk
Alg. l{  
A lg.2{ 
A lg.3{
Absolute
T_ADD
/ / \ f \ \ S \
Absolute
T_DROP
/ \ \ / \ / / \
Relative
T_ADD
-y - -► - \ * \ * / \
Relative
T_DROP
-> -y ■ ■ ► -* -> - - -►
Note: / :  more likely to increase; \ :  more likely to reduce; almost have no impacts; more 
likely to reduce due to lack of free channels in the target cells
Combining corresponding adding and dropping thresholds and considering their impacts on 
handover performances as shown in Table 6.2, the resulting performances of three soft handover 
algorithms under given cell loads are summarised in Table 6.3.
Table 6.3 Comparisons of performances of soft handover algorithms
Algorithms
Light cell load Heavy cell load
MASN ASUR Pout Pblk MASN ASUR Pout Pblk
Alg. 1 H M M H L L H L
Alg. 2 M L L M M H M M
Alg. 3 L H H L H M L H
Note: L: low value; M: medium value; H: high value
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The trade-offs of soft handover performances depend upon certain system considerations. In the 
heavily loaded system, achieving a lower MASN usually has higher priority in order to leave 
some spare channels to the handover and new coming users. In contrast, in lightly loaded 
systems, a relatively higher MASN could be tolerated. Hence, a lower outage probability 
becomes the main concern to provide better QoS. The signalling load capacity of the network 
may also determine whether ASUR could be a key criterion of choosing a soft handover 
algorithm. In practical operations, trade-offs among different performance metrics can be 
achieved by tuning soft handover parameters of a certain algorithm or alternatively by selecting 
different thresholds based soft handover algorithms.
6.3 Impacts of Power and SIR Triggering Mechanisms
In principle, a soft handover procedure can be triggered by a number of causes such as uplink or 
downlink quality, uplink or downlink signal measurement, distance, traffic etc [3gpp99a]. In 
most cases, however, soft handover decision is triggered by the measurements of the downlink 
pilot channel, which normally are Ec/I0 (SIR) or signal power [Zha98a, Wor99]. Note that SIR in 
value is the same as Ec/I0 for pilot channel. These two types of soft handover triggering 
mechanisms may result in different impacts on the system performance. In particular, when soft 
handover algorithm is based on absolute thresholds, a significant change to the cell load could 
result in a noticeable impact on the Ec/I0 triggered algorithm while having a slight impact on the 
power triggered one. Therefore, it appears that the impacts of power and Ec/I0 triggering 
mechanisms on soft handover performances under various cell loads have to be investigated.
6.3.1 Absolute Thresholds Based Soft Handover Algorithms
The first algorithm in Section 6.2 is taken as an example where both T_ADD and TJDROP are 
pre-defined and fixed regardless of system operations. The absolute thresholds in power triggered 
(Alg. a) and Ec/I0 triggered (Alg. b) algorithms can be rewritten as follows, respectively:
T-ADD = p.powcr + H dd
(6.20)
T-DROP = p.power + Hdrop (Alg. a)
T _A D D  = ^ /l0 + i i aadd
T_DROP = 1%/r,, + (Alg. b) (6'21)
where the |ipower represents the average received pilot power at the cell boundary and ja.ec/io 
denotes an equivalent required pilot Ec/I0, which can be defined as (Eb/I0)req -l0\og(w/Rb)+3. The 
Hadd and Hdrop are parameters to adjust two thresholds.
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System-level simulations are carried out in the same vehicular environment as described in 
Section 6.1 with user arrival rates varying from 0.1 to 0.4 cells/second/cell. Different sets of 
parameters [Hadd, Hdrop]= [4, -4], [3, -3] and [2, -2] dB, are examined.
As shown in Figure 6.6 to Figure 6.9, basically the performance metrics of Ec/I0 triggered soft 
handover algorithm follow the similar trends as those of power triggered algorithm. When [Hadd, 
Hdrop] changes from [4, -4] to [2, -2], both adding and dropping events become more likely to 
happen, resulting in greater ASUR. Since time-to-trigger is only applied to dropping event, the 
impact on adding is much more effective. Therefore, MASN exhibits an increasing trend, leading 
to increased blocking rate. Furthermore, the outage probability will be reduced due to soft 
handover diversity gain. On the other hand, when cell load increases, MASN and ASUR will 
reduce, as explained in the previous section. Moreover, both blocking rate and outage probability 
will increase.
However, the differences between the performances of two triggering mechanisms are noticeable. 
For power triggering mechanism, since the variation of power is not related to the cell load, soft 
handover performance is only affected by the target cell channel availability that reduces as cell 
load keeps increasing. In contrast, Ec/I0 based algorithm will be affected jointly by the 
interference generated from increasing cell load and the channel availability. This explains why 
the changing trends of Alg. a performances are flatter than those of Alg. b. For instance, in a 
lightly loaded system, Ec/I0 of pilots are relatively high, therefore the fixed T_ADD will add 
many cells in the active set, leading to high MASN. When system load increases, Ec/I0 of pilot 
will reduce, and the fixed T_ADD will become difficult to find qualified cells even if the serving 
cell is worse than the surrounding cells. This is the main reason for the low MASN and high 
outage probability in the presence of heavy cell load as shown in Figure 6.6 and 6.8, respectively.
In details with parameter set of [3, -3] dB, Alg. b outperforms Alg. a in terms of about 15% lower 
MASN and 30% lower ASUR, when call arrival rate is higher than 0.15/s/cell, as observed in 
Figure 6.6 and 6.7, respectively. For quality of service as depicted in Figure 6.8 and 6.9, Alg. b 
results in 30-50% higher outage probability while 24-40% lower blocking rate, in comparison 
with Alg. a, in the same circumstance.
It can be concluded that power triggered and absolute threshold based Alg. a does not work well 
in a system, as it is not sensitive to the traffic load variations during a period of time. It has 
consistent impacts on the system performance, for instance keeping high MASN, regardless the 
cell load variations, resulting in higher call blocking rate. The disadvantages of using Alg. b are 
that its fixed Ec/I0 based threshold will lead to unnecessarily high MASN in lightly loaded 
scenario and too low MASN in the presence of heavy load, causing high outage probability.
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Mean active set number versus call arrival rate
Call arrival rate (/second/cell)
Figure 6.6 Mean active set number versus call arrival rate
Active set update rate versus call arrival rate
Call arrival rate (/second/cell)
Figure 6.7 Active set update rate versus call arrival rate
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Call arrival rate (/second/cell)
Figure 6.8 Outage probability versus call arrival rate
Call arrival rate (/second/cell)
Figure 6.9 Call blocking rate versus call arrival rate
6.3.2 Relative Thresholds Based Soft Handover Algorithms
A double relative thresholds based soft handover studied in Section 6.1 is taken into 
consideration and power and Ec/I0 triggering mechanisms are compared. The two thresholds in 
power triggered algorithm (Alg. a) and Ec/I0 triggered algorithm (Alg. b) can be rewritten simply 
as the following equations, respectively, setting Soft_slope = 1, add_intercept = drop_intercept =
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0 and ignoring the impacts of T0 and Ti that are the lower bounds of T_ADD and T_DROP, 
respectively.
T_ADD = Pmax + Hadd 
T_DROP = Pmax + Hdrop (Alg.a) 
T-ADD = (Ec/I0)max + Hadd 
T_DROP = (Ec/I0)max +H drop (Alg.b)
(6.22)
(6.23)
where the Pmax and (Ec/I0)maX represent the strongest pilot in the active set in power and in Ec/I0, 
respectively. The Hadd and Hdrop are constant parameters and termed as adding and dropping 
hystereses, respectively.
System-level simulations are conducted in typical UTRA vehicular environment defined in 
Section 6.1 with traffic load varying from 0.1 to 0.4 calls/second/cell. The set of hystereses [Hadd, 
Hdr0p3 is set to [0, -3] dB.
It has been shown in Figure 6.10 and 6.11 that basically the performance metrics of Alg. a follow 
the similar trends as those of Alg. b. The differences between them are not considerable. This is 
because although the average Ec/I0 of pilot decreases with increasing cell load, the relative 
differences between pilots in Ec/I0 do not change significantly and therefore the performances are 
mainly affected by the channel availability, which leads to similar results to those of Alg. a.
Mean active set number versus call arrival rate
Active set update rate versus call arrival rate
Call arrival rate (/second/cell)
Figure 6.10 Mean active set number and active set update rate versus call arrival rate
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Call arrival rate (/second/cell)
Figure 6.11 Outage probability and blocking rate versus call arrival rate
Basically, Alg. 1 in section 6.1 can be viewed as a simplified IS-95 algorithm, Alg. 2 is a 
simplified version of cdma2000 algorithm and Alg. 3 can be viewed as UTRA algorithm. As 
showed in last two sections, Alg.3, which is based on double relative thresholds, is more capable 
of achieving reasonable performance trade-off. Moreover, the performance of Alg. 3 can be 
further improved by carefully tuning its parameters, as to be shown in the next section. Therefore, 
in the rest of our work, UTRA SHO algorithm will be the main algorithm studied and the 
benchmark for evaluating advanced algorithms.
6.4 Impacts of Soft Handover Parameters
In order to achieve a better optimisation between link quality and resource efficiency, it is 
important to properly understand the impacts of individual soft handover parameters. In this 
section, we comprehensively investigate the impacts of various soft handover parameters on the 
system performances of UTRA radio network. These parameters include hystereses for adding 
and dropping thresholds, time-to-trigger and averaging window size.
6.4.1 UTRA Soft Handover Algorithm
In UTRA network, the measured quantity to trigger soft handover is Ec/I0 of CPICHs from 
surrounding base stations. The UTRA soft handover is based on a set of relative thresholds. The 
detailed description of UTRA soft handover algorithm can be found in [3gpp99a], For the 
description of the algorithm, the following parameters are needed.
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Hadd: Hysteresis for adding threshold;
HdroP: Hysteresis for dropping threshold;
Hrep: Hysteresis for replacing threshold;
AS_Max_Size: Maximum size of active set;
Meas_Sign: the measured and averaged Ec/I0 sample of CPICH; 
Best_Cand: the best measured cell present in the monitored set; 
Best_AS: the best measured cell present in the active set; 
Worst„AS: the worst measured cell present in the active set;
Activeset: \*-------------  {1} ----------------4*--------  (1.2} -----►)-*-{2,3}-*U -{2}-►
Figure 6.12 Explanation of UTRA soft handover algorithm
As depicted in Figure 6.12 (where AS_Max_Size = 2), the user’s active set is maintained in the 
following way:
If Meas_Sign from the monitored set is greater than T_ADD (= Best_AS + Hadd) for a 
period of T time and the active set is not full, add the cell in the active set.
If Meas_Sign from the active set is below T_DROP (= Best_AS + Hdrop) for a period of T 
time, remove the cell from the active set.
■ If the active set is full and Best_Cand from the monitored set is greater than the replacing 
threshold T_REP (= Worst_AS + Hrep) for a period of T time, replace the worst cell in the 
active set with the best cell in the monitored set.
It can be seen that UTRA soft handover algorithm exhibits several unique features different from 
algorithms in IS-95 and cdma2000. Firstly, it is based on a set of relative thresholds, combining
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fixed hystereses and the best or the worst measurement in the active set. Secondly, unlike other 
algorithms, time-to-trigger T is applied not only to dropping event, but also to adding and 
replacing events. Finally, UTRA algorithm introduces a new event to active set update, namely 
the replacing event. In our simulations, considering the fact that user has a slim probability to 
communicate with more than 3 base stations while the AS_Max_Size normally is greater than 4 
[Chh99], the replacing event is not modelled by imposing no limitations on AS_Max_Size.
6.4.2 Impacts of Soft Handover Parameters
The simulations are performed in a vehicular environment where a uniform traffic load of 25 
Erlang per cell is provided. A speech service of 8 kbps is considered.
a. Different Hystereses (Hadd, Hdrop)
Constructing soft handover thresholds with the incorporation of measured pilot results, the 
adding and dropping hystereses are the most important parameters in relative thresholds based 
soft handover algorithms. To investigate the impacts of different hystereses settings, we consider 
the following three sets of [Hadd, Hdrop]- In the first set, [Hadd, Hdrop] is chosen as [0, -3], [-2, -5] 
and [-4, -7] dB, which implies that the soft handover window maintains the same while Hadd and 
1 1 ^  are both reduced by 2 dB each time. In set 2, [Hadd, Hdrop] is set to [-4, -7], [-2, -7] and [0, -7] 
dB, which indicates the case where soft handover window increases by increasing Hadd by 2 dB 
each time. Set 3 corresponds to [Hadd, Hdrop] of [-2, -3], [-2, -5] and [-2, -7] dB, which is to 
increase soft handover window by reducing H^op by 2 dB each time. It is understood that these 
three sets have covered all the possible tunings of soft handover hystereses.
Table 6.4 Probabilities of different active set sizes
[Hadd, H^op]
Active set size
1 2 3 4
set 1
[0,-3] 0.8854 0.1000 0.0094 0.0003
[-2,-5] 0.8062 0.1613 0.0279 0.0017
[-4,-7] 0.7258 0.2034 0.0623 0.0066
set 2
[-4,-7] 0.7258 0.2034 0.0623 0.0066
[-2,-7] 0.7712 0.1833 0.0402 0.0025
[0,-7] 0.8283 0.1466 0.0210 0.0006
set 3
[-2,-3] 0.8396 0.1364 0.0198 0.0013
[-2,-5] 0.8062 0.1613 0.0279 0.0017
[-2,-7] 0.7712 0.1833 0.0402 0.0025
89
Chapter 6 Impacts o f Soft Handover Related Factors
Table 6.4 gives the probabilities of different active set sizes of three hysteresis sets. It shows that 
the probability of a soft handover with more than 3 cells is very low. It also demonstrates that the 
number of soft handover users increases in set 1 and 3, while decreasing in set 2.
[Hadd’ HdropHEdB,dB])
Figure 6.13 Psh0, Pblk and Pout versus [Ha(id, Hdrop] (N = 20, T = 4 s)
Mean active set number and active set update rate versus [Hadd, Hdro
Figure 6.14 MASN and ASUR versus [Hadd, Hdrop] (N = 20, T = 4 s)
The simulation results in Figure 6.13 and 6.14 show that set 1 increases soft handover 
probability, leading more users to benefit from signal diversity (Psho increases). Therefore, the
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outage reduces. However, more channels are needed (MASN increases), which results in higher 
blocking rate. Moreover, active set update rate increases. In set 2, both Psho and ~Pbrk reduce while 
Pout increases. In the mean time, both mean active set number and active set update rate reduce. 
Compared to set 2, set 3 increases Psh0 and Pbik and reduces Pout. The increase in MASN and 
reduction of ASUR can also be observed in this set.
h. Different Time-to- Trigger (T)
Simulations are performed under different time-to-trigger, T, varying from 2 to 8 seconds 
[LuoOO]. The corresponding results are shown in Figure 6.15 to 6.17. Since in UTRA soft 
handover, T is applied to both adding and dropping, a higher T implies that both adding and 
dropping events become less likely to happen. As a consequence, mean active set number does 
not reduce significantly (from 1.224 to 1.213), which results in handover probability and 
blocking rate exhibit slight being dependency on T. On the other hand, it is observed that the 
outage probability increases slightly and the active set update rate reduces significantly.
c. Different Averaging Window (N)
To alleviate the signal variations caused by fast fading and shadowing, measured CPICH Ec/I0 
samples are averaged over a rectangular window before used to trigger handover algorithm. This 
measure greatly reduces the number of handovers during a call. However, a larger averaging 
window also introduces longer handover delay. It deteriorates the link quality and hence causes 
more call drops. To simply explain this effect, we can let instantaneous shadowing samples pass 
through an averaging window of size N. It is easy to check that the averaged samples are still 
normally distributed with mean of zero, st.d. of aA and auto-correlation of rA. According to 
[YanOO], aA and rA are given as the following equations, respectively. It can be further verified 
while oA will reduce and rA will increase when averaging window size N enlarges. This proves 
that the fluctuations of averaged samples will keep reducing with increasing N.
In the simulations, the effects of N ranging from 4 to 30 measurement samples are investigated. 
The corresponding results are shown in Figure 6.18 to 6.20. It can be seen that when N increases,- 
as expected, both MASN and ASUR reduce. Consequently, soft handover probability and 
blocking rate improves slightly. However, the outage probability increases, which will deteriorate 
the quality of service.
(6.24)
W +  2 X V “ * y * (A x )
(6.25)
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Probability of different active set size versus T
Figure 5.15 Probability of different active set size versus T (N = 20, [Hadd, Hdrop] = [-2, -5] dB)
Figure 6.16 Psh0, Pblk and Pout versus T (N = 20, [Hadd, Hdrop] = [-2, -5] dB)
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Mean active set number and active set update rate versus T
T (s)
Figure 6.17 MASN and ASUR versus T, (N = 20, [Hadd, Hdrop] = [-2, -5] dB)
1
£ 1
1
Probability of different active set size versus N
Figure 6.18 Probability of different active set size versus N (T = 4 s, [Hadd, Hdrop] = [-2, -5] dB)
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SHO Prob., Blocking Rate and Dropping Prob, versus N
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Figure 6.19 Psh0, PWk and Pout versus N (T = 4 s, [Hadd, Hdrop] = [-2, -5] dB)
Mean active set number and active set update rate versus N
Figure 6.20 MASN and ASUR versus N, (T = 4 s, [Hadd, Hdrop] = [-2, -5] dB)
Table 6.5 summarises the impacts of soft handover parameters on the system performances. It 
can be seen that changing any parameter will improve some performance metrics and deteriorate 
others. Nevertheless, by carefully tuning different parameters and understanding the different 
changing trends and rates (slowly or significantly) of all metrics, a better optimisation of soft 
handover performance can be achieved. For instance, [Hadd, Hdrop] of [-2, -5] dB, T of 4 seconds 
and N of 20 samples jointly exhibit a reasonable performance optimisation. Again, when doing
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performance optimisation, certain system requirements have to be considered, as explained in 
Section 6.2.
Table 6.5 Summary of the impacts of soft handover parameters
Parameters Events P sho Pblk Pout MASN ASUR
Hadd & Hdrop
set 1 Î t 4 Î t
set 2 4 4 t 4 4
set 3 t t 4 f 4
T increase \ /* \
N increase \ * 4 4
Note: t :  increase significantly; 4 : reduce significantly; /•: increase slowly; V  reduce 
slowly
6.5 Conclusions
This chapter deals with the impacts of different factors on soft handover performances. The 
following three issues have been addressed i.e. how to construct soft handover thresholds, what 
the differences are between power and SIR triggering mechanisms and what the impacts of 
individual algorithm parameters are on the overall soft handover performance.
In the first issue, the impacts of using absolute and relative soft handover thresholds are 
investigated. Three typical algorithms, namely absolute thresholds based, single relative 
threshold based and double relative thresholds based algorithms are compared via simulations. It 
has been shown that using relative or absolute thresholds for T_ADD and T_DROP will 
considerably affect soft handover performances. However, it has been found that none of the 
algorithms outperforms others in all performance metrics. In general, it can be concluded that 
absolute threshold based algorithm suffers from poor link quality particularly in the presence of 
heavy cell load. Furthermore, relative threshold based algorithm is able to maintain fairly stable 
MASN and ASUR and better link quality under various cell loads. However, this has to be 
supported by more frequent active set updates, i.e. a relative high ASUR. The compromising 
results reflect the fact that the impact of soft handover on downlink performance has a trade-off 
nature and has to be tuned carefully.
The second issue has seen the comparisons between power and SIR triggering mechanisms for 
soft handover algorithms. Both absolute and relative thresholds based algorithms have been
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studied. It has been shown that power triggered and absolute thresholds based algorithm does not 
react to the varying interference, exhibiting high MASN under various cell loads, which leads to 
low resource efficiency and consequently high call blocking rate. In comparison, the SIR 
triggered and absolute thresholds based algorithm shows unnecessary high MASN in the case of 
light cell load and very low MASN in the presence of heavy cell load, similar to the analysis in 
the first issue. In contrast, the relative thresholds based algorithm adds and removes a cell with 
respect to the pilots in the active set. In this case, no considerable differences have been observed 
between power and SIR triggered algorithms when traffic is uniformly distributed throughout all 
the cells. As a conclusion, SIR triggering mechanism is more suitable in an interference-limited 
mobile system, where the link quality is highly relied on SIR.
In the last issue, the impacts of individual soft handover parameters such as the hystereses for 
adding and dropping thresholds, time-to-trigger and averaging window size have been 
investigated. The performance of UTRA soft handover algorithm, the key algorithm in our study 
is studied under a wide range of settings of these parameters. It has been observed that the 
settings of such parameters have a decisive effect on the overall soft handover performance. 
Nevertheless, by carefully tuning and setting appropriate values for the handover parameters, a 
better trade-off among performance metrics can be achieved.
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Chapter 7
7  I m p a c t s  o f  S h a d o w i n g  C r o s s - C o r r e l a t i o n
7.1 Introduction
So far in our work, when soft handover performances are investigated via analyses or 
simulations, only the auto-correlation of shadowing terms is considered. Shadowing components 
on different propagation paths are assumed independent. However, the spatial correlation of 
shadowing generally includes two aspects, the auto-correlation or distance correlation and cross­
correlation or angular correlation. The auto-correlation of shadowing represents the relation of 
two adjacent shadowing samples a receiver experiences from the same transmitter. As stated in 
previous chapter, it can be easily modelled as an exponential function, characterized by the de- 
correlation distance. In contrast, the cross-correlation of shadowing represents the relation 
between the shadowing components a receiver experiences from two different transmitters at a 
time. Therefore, referring C(t) to as the shadowing in dB from i th Node-B at time t, with mean of 
zero and st.d. of a;, the normalized auto-correlation r(r) and cross-correlation p,j(t) can be 
expressed as the following equations, respectively.
r(r) g k ( 0 -f,(0 Hf,(* +  T)-f,(* + r)}l E[Ç,(t)Ç,(t + t ) \
(7; (T,
(7j<7. <7,(7i i i j
(7.1)
(7.2)
The shadowing cross-correlation (SCC) between two propagation paths results from the fact that 
the radio links may experience many of the same obstructions and buildings in path profiles 
especially around the receiver, which form the common propagation path. This can be explained 
by Figure 7.1. SCC therefore heavily depends upon the surrounding terrains and buildings. It is 
generally accepted that the more open the propagation environment is, the higher the SCC. 
Compared to auto-correlation, the cross-correlation of shadowing exhibits much more complex 
nature. Since the first evidence of SCC from experimental results was reported in [Gra78], 
various figures of SCC have been observed in different environments. However, some of them 
aie controversial. For instance, both in rural terrains, a high SCC order of 0.7 is observed in
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[Gra78] whereas the authors of [Wei02] claim from their experimental results that on the 
average, SCC of less than 0.2 is appropriate. The authors of [PerOl] have even observed in a rural 
environment the negative SCC that generally appears in indoor environments.
Tj: path distance from Txl (shorter one) 
r2: path distance from Tx2 
rl/r2: relative path distance 
9 : the angle-of-arrival difference (AAD)
Figure 7.1 Explanation of shadowing cross-correlation
The inconsistent measurement results lead to the difficulty to derive a simple SCC model as in 
the case of auto-correlation. However, it is generally understood that the more the two radio links 
share the common propagation path, the higher the correlation coefficient. Therefore, in a certain 
environment, SCC between shadowing components from two different transmitters has been 
naturally viewed as the function of two variables, namely the angle-of-arrival difference (AAD) 
that represents the angle between the two propagation paths, and the relative path distance that 
can be defined as the ratio of the shorter distance of the two propagation paths to the longer one. 
As shown in Figure 7.1, when the AAD of # is small, the two path profiles share many common 
elements and are expected to have high correlation. On the other hand, as the longer path distance 
increases, it incorporates more elements, which are not common to the shorter path. Therefore, 
the correlation decreases.
However, the nature of SCC dependency upon AAD and relative distance has not been well 
understood. In most cases, the AAD dependency is considered much stronger than the relative 
distance dependency and SCC is modelled as the function of AAD only [Maw92, Sor99]. 
However, in [PerOl], from the measurement results, no obvious decreasing trend of SCC against 
increasing AAD has been noticed. Moreover, Weitzen observes that when the common 
propagation path of the two signals is less than the uncommon propagation path, SCC is less than 
0.2 even at small AAD and the shadowing components can be considered as uncorrelated 
[Wei02]. He also explains the reason why great SCCs are observed in other works is that the
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impacts of the relative distance are not appropriately taken into account. His work suggests that 
the relative distance is also the key to explain the existence of high SCC.
Since its existence being noticed, SCC has been incorporated in many works to investigate 
system-level performances of wireless communication systems, especially of interference-limited 
systems [Wan96, Adn94, Saf94]. It has been shown that the impacts of SCC on the system 
performance cannot be simply ignored and the use of realistic values is essential to allow 
accurate system simulations and hence economical and reliable cellular system design. This is 
particularly important to a soft handover based mobile system for two reasons. Firstly, SCC will 
reduce the interference from correlated interferers, thereafter improving link quality such as SLR 
[Wan96, Sau99], which represents an increase in the system capacity compared to the case where 
SCC is ignored. Secondly, however, it has been observed that the higher SCC leads to a lower 
macro diversity gain and the diversity gain tends to be zero as SCC approaches unity [Zha98b]. 
As soft handover in both links involves diversity combining techniques, the improvement on the 
system performance from soft handover will be overestimated if the shadowing components are 
considered independent in the analysis.
There are numerous studies conducted on the analysis or simulation of soft handover 
performances in the presence of SCC [Vit94, Kim02, HonOl]. However, these studies may not be 
sufficient enough to present a complete analysis of the impacts of SCC on soft handover 
performances. The reason behind this is that the authors use constant SCC normally of 0.5 in 
their analytical or static simulation works, although in [Kim02], different constant SCC values 
are investigated. Other works such as [Kim99, Su96, Lee98a] consider shadowing as independent 
variables.
In this chapter, we shall focus on investigating UTRA soft handover performance in the presence 
of practical cross-correlated shadowing. The statistics of received Ec/I0 of CPICH, which triggers 
soft handover in UTRAN, are investigated. We then through system-level simulations set in 
UTRA vehicular environment, try to understand the impacts of practical SCC on soft handover 
performance. The impacts are presented by comparing the performance with those of two special 
cases, which are independent shadowing i.e. no cross-correlation and correlated shadowing with 
a constant SCC.
However, two problems have to be tackled before the investigation can be carried out, namely to 
choose an appropriate SCC model and to generate multiple cross-correlated shadowing variables. 
As evidences of SCC dependency upon both AAD and relative distance have been shown in 
previous studies based on measurements, a practical ADD/relative distance dependent SCC 
model in [Sau99] is chosen in our work. This model has been compared with the measurement 
result in [Gra78] and they are well matched.
99
Chapter 7 Impacts o f Shadowing Cross-Correlation
Finally, the cross-correlated shadowing variables have to be generated based on this practical 
SCC model. Various methods of generating correlated shadowing have been proposed, by 
assuming that the cross-correlation coefficient matrix is perfectly known and keeps constant 
[Zay98, Kli99]. However in simulations, if SCC is derived from a practical model, the cross­
correlation coefficient could be imperfect, which may result in a non-positive definite SCC 
matrix. This means the decomposition of the matrix is no longer possible hence some techniques 
of approximation have to be applied. More important, in dynamic simulations, users keep 
changing their locations, leading to the changes of SCC matrix. This means that the assumption 
of constant SCC is not suitable for dynamic system-level simulations.
7.2 Shadowing Cross-Correlation Modelling
7.2.1 Constant Shadowing Cross-Correlation
In analytical or static simulation works, a constant SCC coefficient can be incorporated, 
assuming that any two propagation links experience the same correlation regardless the location 
of the users. This assumption is in common use in many works to generate multiple cross­
correlated shadowing variables in the case that shadowing auto-correlation is not involved i.e. the 
mobility is not considered. For example, in the work of Viterbi [Vit94], the shadowing variable in 
dB for i th base station (i = 1, 2, 3 ...) is modelled as
= ag  + bgt where a 2 + b2 = 1 (7.3)
where g and gt are Gaussian variables which satisfy that E(g) = E(gi ) = 0 , var(^) = var(^; ) = cr2 
for all i, and E (gig ) = E \^ ig j ) = 0 for all i and j , i f  j. It is easy to check that is still a Gaussian 
variable with mean of zero and variation of a 2.
Thus, it can be verified that the normalised SCC of shadowing losses to any two different base 
stations, i and j ,  is given by:
= (7.4)
<J
7.2.2 Practical Shadowing Cross-Correlation
The constant SCC model is not appropriate to be applied in dynamic simulations i.e. when user’s 
mobility is included due to its lack of consideration of shadowing auto-correlation. More 
important, the SCC of shadowing to a user depends upon its location; hence, it keeps varying
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when the user moves around. Therefore, in dynamic simulations, a suitable practical SCC model 
that incorporates two key variables i.e. the AAD and relative path distance has to be included.
The SCC model in [Sau99], which is verified by the field trial data, is taken into account in our 
work. The SCC coefficient at time t, with two base stations having distances r} and r2 (ri<r2) 
from desired mobile station, and the AAD of 0, in this model is given by:
where the r} and r2 represent the shorter and longer path lengths, respectively. The a  is referred to 
as a parameter reflecting the AAD dependency and can be determined in practice by the size and 
height of the terrain and the height of base station antenna. The 0T corresponds to the threshold 
angle depending upon the de-correlation distance Xc and can be defined as:
It can be seen that this SCC model exhibits some unique features. Firstly, both AAD and relative 
path distance are included. Secondly, a parameter a  is involved to adjust the dependency of AAD 
for different terrains. Finally the threshold angle is considered to reflect the fact that when AAD 
is small enough, the shadowing elements along two paths are fully overlapped and hence SCC is 
determined by the relative path distance only. Furthermore, the SCC of two links involved in
A ,2 (0 - (7.5)
(7.6)
Cross-correlation coefficients achieved from the SCC model
o o0.1 0.2 0.3 0.4 0.5 0.6
Cross-correlation coefficient
Figure 7.2 Cross-coefficients achieved from the SCC model (Xc = 20 m, a  -  0.3)
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softer handover can be easily described by this model. In this case, the AAD is a very small value 
and the relative path distance is close to unity.
Figure 7.2 gives some examples of the SCC coefficients derived from above SCC model. It has 
shown that the SCC coefficient, when the relative path distance is fixed, increases when AAD 
decreases. When AAD is fixed, the maximum value of SCC is achieved when two path distances 
are equal.
7.3 Statistics of Shadowing Cross-Correlation
To study the statistics of SCC coefficient and to investigate the impacts of de-correlation distance 
Xc on SCC, we set a number of active users in a simulation area, consisting of 19 hexagonal cells 
with identical radius of 2000 metres. Mont-Carlo static simulations are performed. In each of 
10,000 snapshots, the users are randomly located. The AAD and relative path distance of each 
user to each pair of base stations are measured to derive SCC coefficient. The statistics of SCC 
can then be analysed. As shown in Figure 7.3, the mean and st.d. of SCC coefficient increase as 
Xc increases. Generally, a higher value of Xc represents a more open environment. For instance, 
an Xc of 5 metres features a typical urban environment, while Xc of 20 and 200 metres 
characterise typical rural and satellite environments, respectively. The average SCC coefficients 
achieved in these three typical environments are around 0.13, 0.20 and 0.39, when a is  set to 0.3. 
It has also been shown in Figure 7.4 that PDF of SCC coefficient exhibits two peaks, which result 
from the two regimes of the SCC model.
Mean & st.d. of cross-correlation coefficient versus Xc
Figure 7.3 Mean and st.d. of SCC coefficient (a= 0.3)
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The PDF of cross-correlation coefficient
Figure 7.4 PDF of SCC coefficient (a -  0.3)
7.4 Generation of Cross-Correlated Shadowing
7.4.1 Generation Approach
As stated before, SCC to a user in a practical environment is the function of its location that is 
temporal. In the dynamic simulations, the SCC at a time can be derived from the model described 
in Section 7.3. Multiple shadowing variables of each base station therefore will be generated 
based on the SCC.
We assume that the simulation starts from time t -  0, with simulation step of T. The simulation 
loop is performed at time t = k'T, k=  1, 2, 3 ...K. N  base stations and a number of mobile users 
are deployed in the whole simulation area. The shadowing components that mobile users 
experience in the simulation area are considered to have the same mean of zero and variance of 
a 2. The mobile users move around with a fixed velocity. Taking a desired mobile user at a certain 
location at time instant k 'T  as an example, the corresponding SCC coefficient matrix for A base 
stations in the system can be presented as a A  by A matrix M k. The elements of M k correspond to 
the SCC coefficients between each pair of base stations. Therefore we have,
M k = (A ,;(* -T > )s?* (7.7)
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It is clear that the matrix M k is symmetric and its diagonal elements are unities, which leads to 
the fact that the eigenvalues of M k are real. From the singular decomposition theory [Gol96], M k 
can therefore be decomposed as:
M k=H kD kH k (7.8)
where the D k is a diagonal matrix of the eigenvalues and the H k is a full matrix whose columns 
are the corresponding eigenvectors.
The shadowing terms the desired user experiences from all base stations throughout the 
simulation time therefore can be modelled by the following steps.
Initia l stage
A column vector go is generated which contains N  independent Gaussian random samples all with 
mean of zero and variance of a 2, i.e.:
go =
50.1
50.2
Sow
(7.9)
A uto-correlation  generation
K  column vectors gi, g2. .. gK are then generated, among them the gk represents the shadowing 
components the desired user experiences from all N  base stations at time instant k-T, by the 
following auto-regressive process.
gk = rgk.j + V l - r 2£k for k  = 1,2, 3... K (7.10)
where ^k is a column vector containing N  independent Gaussian samples with mean of zero and 
variance of a2. The r represents the auto-correlation coefficient between two adjacent shadowing 
components from the same base station. It is easy to check that,
and,
Etgk-igk-/] =o2^ I n for k=  1 ,2 ,3 ... K
E [gtgk'] =  o*IN fo r* = 1 ,2 ,  3... 
C ross-correlation  generation
(7.11)
(7.12)
The new matrix Xk, k = 1, 2, 3 ...K, containing the cross-correlated shadowing components from 
all base stations at time instant k-T, thereafter can be generated by:
Xk = HkDkl/2gk (7.13)
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We can derive that,
E[Xk Xk'] = E[HkDk1/2gk gk‘ Dk1/2Hk‘]= a 2Mk (7.14)
It can be seen that Equation (7.2) i.e. the cross-correlation is satisfied.
The auto-correlation now becomes,
E[Xk.i Xk./] = E[Ht.|Dk.,l/2gk.| gk.j‘ Dk.jl/2Hk.jl]= <jVvl Hk.iDk.i,/2DN1/2Hk.J' (7.15)
It shows that the auto-correlation between adjacent shadowing samples no longer maintains the 
same as r. However, as the simulation step T normally is very small, the user’s movement profile 
during the period of T remains almost the same. It is therefore reasonable to assume that the 
correlation matrix at time instant (k -i)T  approximates the one at (k -j)T  when \i-j\ is small, which 
leads to Hk.i= Hk.j and Dk_j~ Dk.j. Therefore, Equation (7.15) can be rewritten as,
E[Xk., Xk.j'i = oV |,^ Hk.iDk.,l/2Dk.i1/2Hk.jt « C72r*,^Mk.i (7.16)
In this case, the auto-correlation property will still be satisfied. This assumption of the 
approximation will be verified in the next section.
correlation
K : Number of simulation steps 
N : Number of base stations
Figure 7.5 Block diagram of cross-correlated shadowing generation
Another issue that has to be noticed is that since the correlation coefficients are derived from the 
SCC model, they might not perfectly reflect the correlation between propagation links in real 
world. Therefore in general, the cross-correlation matrix Mk is not always guaranteed to be 
positive definite or semi-positive definite, which will produce negative eigenvalues of matrix M k.
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Therefore, the real matrix of Dk1/2 does not always exist. In this case, we replace those negative 
eigenvalues with zeros to produce a semi-positive definite matrix M ’k to approximate M k.
It is understood that as a special case, a new constant SCC model can be derived by this 
approach. In this model, the correlation matrix M k keeps constant throughout the time and hence 
M k is positive definite. Therefore, both accurate auto-correlation and cross-correlation properties 
can be achieved without need for approximations. This constant SCC model is different from the 
approach described in Section 7.2.1 and can be applied to dynamic simulators, as it takes user’s 
mobility i.e. shadowing auto-correlation into account.
In summary, the block diagram in Figure 7.5 gives an explicit explanation to the method of 
generating multiple cross-correlated shadowing components to a single user throughout the 
simulation time. This process will be repeated for all the active users in the simulation.
7.4.2 Verification of A pproxim ations
a. Verification o f  A uto-Correlation
Deployment 2: BS 1 -7  
Deployment 3: BS 1 -19
Figure 7.6 Cell deployments in the simulations
Mobile system deployments consisting of 4, 7 and 19 hexagonal cells with identical radius of 
2000 meters and a number of active users are modelled respectively, as shown in Figure 7.6, to 
test the approximation of the auto-correlation property. In each of the simulations, mobile users 
move around the area following the same vehicular mobility model used in the previous chapter, 
where the user’s velocity v is fixed at 10 m/s. The SCC between each pair of base stations for a 
mobile user is derived according to the practical SCC model in which the parameter a is set to 
0.3. The de-correlation distance in such an environment is assumed 20 meters and the simulation 
step T  is set to 0.5 seconds. The shadowing components of gk and X k throughout the simulation
106
Chapter 7 Impacts o f Shadowing Cross-Correlation
steps are recorded and their auto-correlations are compared, where gk is perfectly auto-correlated 
as Equation (7.11) whereas Xk has biased auto-correlation properties as Equation (7.15).
Table 7.1 summaries the average shadowing auto-correlation values of different distance 
separations from both theory and simulations. The normalized distance is defined as the spatial 
separation between shadowing components from the same base station normalized by the de- 
correlation distance, in order to remove the effects of user’s velocity and simulation step. The 
relative difference between auto-correlation values achieved from gk and Xk is defined as the 
difference between them normalized by the value from gk. It has been observed that the auto­
correlation achieved from Xk is slightly lower than that from gk, and the relative difference 
increases while the distance between shadowing components increases, due to the increasing 
absolute difference between M k.j and M k.j. However, it shows that the relative difference in 7 BS 
deployment is less than 1% at the separation equal to de-correlation distance and less than 4% at 
two times of de-correlation distance. As shadowing components separated greater than de- 
correlation distance is generally considered not correlated, Equation (7.15) can be viewed as a 
model accurate enough to represent the auto-correlation properties.
Table 7.1 Auto-correlation coefficients in the 7 base station deployment
Normalized
distance
Theory
Simulation 
derived from gk
Simulation 
derived from Xk
Relative 
difference (%)
0.25 0.7788 0.7790 0.7773 0.222
0.50 0.6065 0.6076 0.6051 0.408
0.75 0.4724 0.4739 0.4711 0.576
1.00 0.3679 0.3705 0.3679 0.691
1.25 0.2865 0.2893 0.2858 1.194
1.50 0.2231 0.2254 0.2205 2.123
1.75 0.1738 0.1747 0.1693 3.013
2.00 0.1353 0.1329 0.1277 3.933
Simulations also have been performed in 4 BS and 19 BS deployments to investigate the effects 
of the number of base stations i.e. the size of cross-correlation matrix on the accuracy of auto­
correlation modelling. As shown in Figure 7.7, the relative difference increases when more base 
stations are involved in the simulations. However, even in the 19 BS deployment, which is 
generally enough for dynamic system-level simulators, the difference is less than 5% at spatial 
separation of two times of de-correlation distance. Hence, the auto-correlation properties can still 
be accurately modelled with big sized correlation matrix.
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Relative difference versus normalized distance
Figure 7.7 Relative differences between auto-correlation versus normalized distance 
b. Verification o f  Cross-Corre lation
To verify the approximation of M ’k to M k, which results from replacing negative eigenvalues of 
M k by zeros, we calculate M ’k from the corresponding M k achieved from the above simulations. 
The difference between them is abstracted. The following table summaries the mean and st.d. of 
the difference, in the 19 BS deployment. It has been shown that the difference resulted from the 
approximation is small enough to be neglected, although it becomes greater when the de- 
correlation distance Xc increases. This is due to the fact that the average SCC coefficient is small 
therefore there is a slim chance for M k to have negative eigenvalues. Moreover, when M k does 
have negative eigenvalues, they are close to zero. Hence, the cross-correlation properties can be 
accurately modelled.
Table 7.2 Statistics of (Mk-M!k) in the 19 base station deployment
Xc mean of (Mk-M’k) st.d. of (Mk-M’k)
(m) (1 0 17) (10‘16)
5 1.789 4.030
10 1.736 4.621
20 4.321 5.431
50 3.112 5.997
100 4.682 6.896
200 4.179 9.622
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7.5 CPICH Performance under Cross-Correlated Shadowing
As soft handover is triggered by the link quality of CPICH in UTRA network, the analysis of 
CPICH performance such as the mean, variance and outage probability of its Ec/I0 in the presence 
of practical cross-correlated shadowing is very important. In this section, static simulations are 
carried out in a typical UTRA vehicular environment focusing on the downlink only. To further 
demonstrate the impacts of practical SCC on CPICH performance, two special cases i.e. no SCC 
(independent shadowing components) and constant SCC of 0.5, both often used in literature, are 
also simulated for comparison purpose.
The statistics of CPICH Ec/I0 are collected in a homogeneous cellular area consisting of three 
tiers of 19 hexagonal cells with identical radius of 2000 metres. The cell load (user density) is 
assumed to be uniform throughout the simulation area. In such a system, the Ec/I0 of CPICH can 
be derived from Equation (6.10). The de-correlation distance Xc in this environment is 
considered as 20 metres and the st.d. of shadowing cr is set to 8 dB. We are interested in a user’s 
trajectory moving from the central BS to a neighbouring BS. The Ec/I0 of CPICH received from 
the central BS by this particular user is investigated.
Mean and st.d. of CPICH E /I versus distance from central BS
Distance from central BS (m)
Figure 7.8 Mean and st.d. of CPICH Ec/I0 in dB versus the distance from central cell
As depicted in Figure 7.8, for a given cell load of 30 users/cell, the mean of Ec/I0 achieved from 
practical SCC model is located in the middle, about 1.5 dB lower than constant SCC of 0.5 but 1 
dB higher than no SCC. It has also been shown that using constant SCC of 0.5 exhibits the lowest 
st.d. The st.d. of Ec/I0 under practical SCC model is medium but closer to that under no SCC. In
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Figure 7.9, the probabilities that received CPICH Ec/I0 falls below a predefined threshold are 
shown, in the cases of applying different shadowing models. It has been observed that for a given 
outage threshold of -25 dB, using constant SCC of 0.5 results in the lowest outage probability, 
which is expected as the link quality will be improved by high showing correlation. The outage 
probability under practical SCC is lower than that under no SCC but much higher than that under 
constant SCC of 0.5.
From the results, it is clear that Ec/Io performances of CPICH under practical SCC are better than 
those under no SCC but worse than those under constant SCC of 0.5. However, they are closer to 
those under no SCC model. Assuming a constant SCC of 0.5 for all shadowing components 
seems too high, which results in optimistic estimation of CPICH performances. On the other 
hand, ignoring the shadowing correlation will lead to the underestimation of cell coverage, which 
has direct impacts on the handover region. Therefore, an accurate investigation into soft handover 
performance requires a reasonably accurate SCC model.
Distance from central BS (m)
Figure 7.9 CPICH Ec/I0 outage probability versus the distance from central cell
7.6 UTRA Soft Handover Performance Under Cross-Correlated 
Shadowing
7.6.1 Simulation scenario
Soft handover performances have been comprehensively investigated in Chapter 6 where 
shadowing components between each pair of base stations are assumed independent. However, it
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has been suggested in the previous section that the statistics of Ec/I0 of CPICH behave differently 
under cross-correlated shadowing. Hence, it is likely that soft handover performances will be 
affected. In this section, UTRA soft handover performances are investigated under different 
shadowing models, via dynamic system-level simulations set in UTRA vehicular environment. 
UTRA soft handover algorithm detailed in Section 6.4 is modelled. Again, the event of replace is 
not considered by imposing no limitations on AS_Max_Size. Some simulation parameters and 
their settings that might be new or different from the previous chapter are summarised in Table 
7.3.
Table 7.3 Simulation parameters and settings
P aram eters Settings
Cell deployment 19 hexagonal cell (3 tiers)
Required Eb/I0 5.6 dB
Offered traffic 18 Erlangs/cell
De-correlation distance (Xc) 20 metres
Parameter in SCC model (a) 0.3
[FUcld) H^p] [-1, -3] dB
Time-to-trigger 4 s
Averaging number (N) 20
7.6.2 Simulation Results
The simulations are carried out under different SCC models with st.d. of shadowing varying from 
4 to 14 dB. Figure 7.10 and 7.11 show the results of call blocking rate and Eb/Io outage 
probability. It can be seen that as expected, when st.d of shadowing increases, the blocking rate 
and outage probability increase. However, the performances under practical SCC model are 
better than no SCC while worse than constant SCC of 0.5.
Furthermore, it has been observed in Figure 7.12 and 7.13 that SCC significantly improves the 
system resource efficiency. Both mean active set number and active set update per call under 
practical SCC model are significantly lower than under no SCC and slightly higher than under 
constant SCC of 0.5.
It can therefore be concluded that using constant SCC of 0.5 overestimates the overall system 
performances while no SCC underestimates, compared to practical SCC model. Moreover, 
shadowing directly related metrics, such as Eb/I0 outage probability, in the presence of practical 
SCC model, are closer to those under no SCC. While for those shadowing indirectly related 
indicators such as call blocking rate, mean active set number and active set update per call, the
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performances under practical SCC model are closer to those under constant SCC of 0.5. This is 
mainly due to the fact that soft handover algorithm involves the time-to-trigger and averaging 
window. The averaging process and time-to-trigger greatly reduce the fluctuations of measured 
Ec/I0 of CPICH, which results in the impacts of high shadowing correlation on mean active set 
number and active set update per call being alleviated. In contrast, the link quality presented by 
Eb/Io outage is based on the instantaneous measurements. Hence, the effects of high shadowing 
correlation are fairly heavy.
7.7 Conclusions
In this chapter, we analysed the statistics of SCC coefficient achieved from a practical SCC 
model in a multiple-cell scenario. Based on the analyses, the impacts of shadowing cross­
correlation on UTRA soft handover performances are investigated by comparing two special 
shadowing correlation cases i.e. no SCC and constant SCC of 0.5. The following three main 
issues have been addressed.
■ A method of generating multiple shadowing variables satisfying both auto- and cross­
correlation properties is proposed, based on a practical SCC model. Unlike other 
methods, the proposed method can be used in a dynamic system-level simulator where 
the SCC matrix keeps changing depending upon the user’s current location. It has been 
verified that both auto- and cross-correlation prosperities can be accurately modelled in a 
system deployment consisting of up to 19 base stations. The accuracy of auto-correlation 
for separation equal to the de-correlation distance will reduce to less than 97.5% if more 
base stations are involved in the simulations. The statistics of SCC based on such a 
method are also investigated.
■ The performance of CPICH in UTRA network is then studied in the presence of practical 
SCC, as it directly triggers soft handover. It has been found through simulations that the 
mean of CPICH Ec/I0 under practical SCC is lower than that under constant SCC of 0.5 
but higher than no SCC, which results in a medium outage probability when practical 
SCC is used.
■ Finally, UTRA soft handover performances under practical SCC are further studied by 
carrying out dynamic system-level simulations. It has been shown that using constant 
SCC of 0.5 overestimates soft handover performance while assuming no SCC 
underestimates. More important, it has been revealed that instantaneous measurement 
based performance metrics such as statistics of CPICH Ec/I0 and traffic link outage 
probability are closer to those under no SCC model; while averaged measurement based 
performance metrics such as mean active set number and active set update per call are
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closer to those under constant SCC of 0.5 model. Therefore, neither of the two special 
cases is well qualified for accurate evaluation of soft handover performances on a 
comprehensive basis. A relatively accurate SCC model has to be taken into account.
Figure 7.10 Call blocking rate versus st.d. of shadowing
Figure 7.11 Eb/I0 outage probability versus st.d. of shadowing
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Figure 7.12 Mean active set number versus st.d. of shadowing
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Active set update per call versus st.d. of shadowing
Figure 7.13 Active set update per call versus st.d. of shadowing
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Chapter 8
8  E n h a n c e d  S o f t  H a n d o v e r  A l g o r i t h m s
8.1 Introduction
Originally in a soft handover algorithm, parameters such as the adding and dropping thresholds/ 
hystereses, averaging window size and time-to-trigger are normally predefined and fixed as in IS- 
95 and UTRA algorithms. This type of fixed parameters based algorithm, however, suffers from 
its stiff control of adding and removing links (cells) against the active set under different system 
scenarios, leading to poor optimisations between quality of service and radio resource utilization. 
It becomes natural thereafter for one to construct dynamic soft handover algorithms wherein 
extra information is added to soft handover in order to set constraints or to construct at least one 
threshold/hysteresis in a dynamic manner. Such extra information can be achieved by various 
techniques, which can be generally categorized into the following three types.
■ System dynamics tracking: Mobile environment is featured by rapid changes from 
wireless access part such as propagation variations resulted from terrain and buildings 
and traffic dynamics due to users’ geographical distributions as well as their mobility 
patterns. These different system dynamics can be tracked somehow by techniques such 
as user speed estimation and user location positioning, and the tracking results can be 
used to construct dynamic soft handover algorithms [Cho99].
■ Future measurements prediction: The future measurement values could be predicted 
based on the current and previous measurements. The predicted results are used to 
construct dynamic soft handover algorithms to make soft handover happen at an 
optimum timing [Wal96].
Performance feedback: In this type, some system performance metrics are monitored and 
fed back to soft handover to adjust its thresholds/hystereses, in order to achieve the 
resulting performance as close to the target as possible [JetOO]. These performance 
metrics could include link quality (e.g. SIR, Bit Error Rate (BER) and power 
consumption) or overall system performance (e.g. call blocking and dropping rates).
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These three types of constructing dynamic soft handover algorithms can be graphically shown in 
Figure 8.1 and the differences among them are apparent. It has to be noted that even within a 
single type, different techniques could be applied.
Figure 8.1 Different ways of constructing dynamic soft handover algorithms
Based upon the extra information, a dynamic soft handover algorithm can be derived either by 
constructing adaptive parameters or by imposing constraints on active set updates. For instance, 
in [Yap02], adaptive soft handover hystereses are derived from the estimation results of user’s 
position and direction of movement. Another trend in advanced soft handover design appears to 
be the joint consideration of soft handover with other resource allocation schemes such as power 
control, CAC and dynamic channel allocation in order to achieve better radio resource utilisation 
[Lup99, Buc98],
In this chapter, three enhanced soft handover algorithms for UMTS are proposed and verified. 
The first algorithm is based on UE positioning information whereas the other two are based on 
the mechanism of link quality feedback. The UTRA soft handover algorithm is also evaluated as 
the performance benchmark.
8.2 Adaptive Soft Handover Algorithm with Positioning Assistance
8.2.1 UE Positioning Modelling
The UE’s positioning is a functionality of the cellular network to obtain the geo-location of the 
UE. The primitive motivation for the cellular system to provide UE position information is the
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Enhanced 911 (E-911) emergency services in the USA. In June of 1996, the Federal 
Communications Commission (FCC) [Fcc96] in the United States issued requirements to all 
network providers to facilitate positioning of all the UE locations within accuracy of 100 metres 
in 67% of call measurements. Other positioning assisted services include location-based services, 
location-sensitive billing, fraud detection, cellular system planning and resource management, 
fleet management and intelligent transportation systems [Rap96]. Generally, these services/ 
applications can be summarised into the following four difference categories, as shown in Figure 
8.2 [3gpp00].
UE Positioning
1
E-911 Location -based 
Services
Mobility
Management
Lawful
Interception
Figure 8.2 Applications of position locating of UE
Z3 "  T J I
Figure 8.3 UE positioning using downlink TDOA
Numerous principles or algorithms for UE positioning have been developed recently, for 
instance, AOA (Angle Of Arrival), TOA (Time Of Arrival) and TDOA (Time Difference Of 
Arrival) [Spe98]. The AOA requires specialised phase array antennas to determine the direction 
of arrival of the signal. Furthermore, the positioning measurements are only available on the 
network side and AOA algorithm tends to be highly complex and computationally intensive. In 
contrast, the TOA algorithm needs the knowledge of absolute time of transmission, requiring 
precise clock synchronisation between a BS and a UE if applied in terrestrial mobile systems. 
The TDOA is a trilateration algorithm that requires the UE to detect a series of BSs and measure 
the time difference of arrivals of each pair of signals. Each TDOA measurement defines a
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hyperbolic locus and the intersection of the two hyperbolic loci will determine the position of the 
UE, as shown in Figure 8.3. TDOA offers many advantages over other cellular positioning 
techniques. For example, it does not require the knowledge of absolute transmission time and the 
computation complexity is not high. The aforementioned positioning algorithms have been 
applied in different poisoning techniques such as TOA based GPS (Global Position System) 
[Kap96] and TDOA based positioning systems for UTRA [3gpp00] and GSM [Etsi02] where 
TDOA is better known as E-OTD (Enhanced Observe Time Difference). In UTRA network, the 
downlink TDOA uses CPICHs from surrounding BSs to estimate the UE’s position. The 
measured CPICHs are cross-correlated with the local copy of spreading sequences to determine 
the timing differences [3gpp00].
The accuracy of the estimated position and the delay to access the positioning information will 
affect the overall performance of a positioning technique. In our work, the distance between UE’s 
estimated position and its true position (distance error) is modelled as a Gaussian variable with 
mean of zero and st.d. of GP meters. Moreover, the angle error in degrees, which represents the 
angle between the line connecting the estimated and true positions and the horizontal axis, is 
modelled as a uniform distribution within 0 to 360, respectively [Wyl96]. Normally a P is within a 
range from a few ten metres up to a few hundred metres [KleOl].
Figure 8.4 UE’s positioning delay modelling
The delay to access the position information is also taken into consideration. Since in practical 
cellular systems, the up-to-date user position is not available instantly, a delayed user position 
will be in use. This will put extra inaccuracy in the position estimation. As depicted in Figure 8.4, 
the user’s true location at time t0 is L0, and the estimated location is at R0, having a distance error 
of S0 away from L0 and angle error of ©0. Letting t be the total delay of accessing the user’s 
position information and assuming that during the period of t, the mobile user moves with a 
speed of v and a direction of movement along the horizontal axis, at time q = t0 + t, the user is 
located at Li, which is D = v t  away from L0. At time tlt the delayed position information of R0 
will be used, causing a distance error of Si and an angle error of ©i against user’s current true 
position.
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8.2.2 Positioning Assisted Soft Handover Algorithm
The general principle of a position assisted soft handover algorithm is to take the advantages of 
the estimated geographical position of the mobile user for handover decision-making. We are
particularly interested in two types of information that can be derived from estimated user 
positions. They are estimated distance d  and estimated direction of user’s movement a , in 
relevance to the desired base station, as shown in Figure 8.5.
Figure 8.5 Estimation of user’s distance and direction of movement towards a base station
From two continuous measurements of estimated location, the direction of user’s movement can 
be derived as follows,
where d(tn_i) is the calculated distance of mobile user’s previous estimated position with desired 
base station (BS1 in Figure 8.4). The r(tn) represents the calculated distance between previous 
and current estimated user locations and the d(tn) denotes the calculated distance between user’s 
current estimated position and desired base station.
The proposed positioning assisted soft handover algorithm is based on UTRA algorithm 
described in Section 6.4. The estimated distance and direction of movement of the user to desired 
BS are then taken as extra inputs. The constraints imposed by these two types of estimated 
information on the event of add, drop and replace can be described as follows,
If the estimated distance to a monitored base station is shorter than a distance range R l, 
(greater than cell radius, for instance, 1.2 times of the cell radius in simulations), the 
events of add and replace are generated by applying UTRA soft handover algorithm; 
otherwise, add and replace events will not happen.
d: Estimated distance to BS1 
a: Estimated moving direction to BS1
\V /
Previous Estimated
BS 2
Current Estimated 
Location
(8.1)
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If the estimated distance to an active set base station is greater than a distance range R2 
(less than cell radius, for instance, 0.8 times of the cell radius in simulations) and the 
direction of user’s movement towards such a base station is beyond an angle range <D 
(135 degrees, for instance), the events of drop are generated by applying UTRA 
algorithm; otherwise, drop event will not happen.
The purpose of imposing estimated positioning information on soft handover decision-making is 
to prevent premature handovers. This can be further explained in Figure 8.6. It can be seen that 
only the user whose estimated distance to the target cell is within a range of R1 can add the target 
cell in the active set or replace a poor active set cell by the target cell. Due to large signal 
fluctuations, some cells far from the user might be added in the active set and they are likely to be 
removed soon, causing unnecessary adding events and hence more downlink interference and 
signalling loads. Moreover, those cells will not be the main contributor to the diversity gain, as 
their average signal strengths normally are low. On the other hand, Figure 8.6 shows that a user 
can drop an active set cell only if its estimated distance is greater than R2 and it is moving away 
from the cell. This can prevent dropping the cell that the user is close to or might be moving 
towards in the immediate future. It has been noticed that less events of add and replace may result 
in less signal diversity gain whereas less events of drop increases the signal diversity gain. 
Therefore, the condition of direction of movement is only applied to the event of drop, which 
makes dropping more difficult. More important, the less events of add and replace happen only to 
relatively weak cells whereas the less events of drop happen to cells that are relatively strong for 
the time being or in the near future. By doing this, the losses of signal diversity gain caused by 
less events of add and replace could be fully compensated.
R: Cell radius
Rl: Distance range for add and replace
R2: Distance range for drop
Figure 8.6 Explanation of positioning assisted soft handover
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8.2.3 Performance Improvements
Simulations are performed in UTRA vehicular environment where the system-level simulator 
described in Section 6.1 is applied. Nominal values of constant user speed, call arrival rate and 
st.d. of shadowing are set to 10 m/s, 25 Erlangs/cell and 8 dB, respectively. The st.d. of 
positioning distance error a P is set to 100 in the simulations. This value is considered also as a 
variable in some cases to investigate the effects of the positioning accuracy on the performance 
of proposed algorithm. The time-to-trigger is set to 4 seconds and the positioning delay t is 2 
seconds. The speech service of 8 kbps with (Eb/I0)req = 5.6 dB is assumed. In simulations, no 
limitation on active set size is assumed; therefore, the event of replace is not involved. Adding 
and dropping hystereses HAdd and HDrop are set to -2 and -5 dB, respectively. Sets of simulations 
are carried out under various shadowing variations and cell traffic loads.
Figure 8.7 and 8.8 report the simulation results under different st.d. of shadowing varying from 4 
to 14 dB. It has been observed that the proposed positioning assisted soft handover algorithm, 
compared to UTRA one, improves the overall system performance to some extent. The outage 
probability shows slight improvement throughout the shadowing variations. The blocking rate is 
reduced and the improvement becomes more considerable when shadowing variation increases. 
Moreover, it can be seen from Figure 8.8 that under a hostile propagation condition (a  > 8 dB), 
the active set number and active set update rate are greatly reduced. Under a mild propagation 
condition ( a <  8 dB), the results show less significant improvements. In summary, all the 
performance metrics of proposed algorithm are improved, in comparison with UTRA algorithm. 
Moreover, the improvements become more significant with increasing shadowing variations. The 
reason behind is that the proposed algorithm is able to prevent relatively weak cells being added 
in the active set and keep those relatively strong cells staying in the active set. Both of these two 
features will reduce active set update rate. More important, the quality of service and mean active 
set number can be affected in a positive manner thanks to the mutually compensating impacts of 
these two features. In fact, both of these two performance metrics are improved as observed from 
the simulation results.
Figure 8.9 and 8.10 demonstrate the performances of proposed algorithm against those of UTRA 
algorithm as a function of increasing cell load. It can be seen in Figure 8.9 that both outage 
probability and call blocking rate of proposed algorithm are reduced, although the improvement 
becomes less noticeable as the cell load increases. The active set update rate in Figure 8.10 shows 
considerable reduction under a wide range of cell loads while mean active set number exhibits 
slight improvement. It therefore can be concluded that in the presence of various cell loads, the 
proposed algorithm outperforms UTRA algorithm in terms of improving all performance metrics 
particularly the active set update rate.
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Outage probability and blocking rate versus shadowing
_g_ Pb|k UTRA Alg. 
Pb|k proposed Alg. 
Pou( UTRA Alg.
Pout proposed Ala-
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st.d. of shadowing (dB)
Figure 8.7 Outage probability and call blocking rate versus st.d. of shadowing
MASN and ASUR versus shadowing
Figure 8.8 Mean active set number and active set update rate versus st.d. of shadowing
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Call arrival rate (/second/cell)
Figure 8.9 Outage probability and call blocking rate versus call arrival rate
MASN and ASUR versus call arrival rate
Figure 8.10 Mean active set number and active set update rate versus call arrival rate
It is expected that the accuracy in the estimated mobile position will have a great impact on the 
performance of proposed soft handover algorithm. The proposed algorithm therefore is simulated 
under the nominal settings with GP varying from 100 to 2000 metres against the cell radius of 
2000 metres. Its performances are compared to those of UTRA algorithm and the performance 
improvement is presented as,
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MetliCjmprovement — (Mstl'iCuTRA h4etreCProposed)/h'letli^ UTRA D 100% (8.2)
Some important conclusions can be drawn from Figure 8.11, where the performance 
improvement of each metric is shown. Firstly, in general, ASUR is significantly improved with 
25% up to 30% reduction. Moreover, the link outage has been reduced by around 10% and 
MASN and blocking rate achieve slight improvements. Secondly, The performance of proposed 
algorithm heavily depends upon the accuracy of the UE positioning. When the inaccuracy 
increases, the improvement of outage probability will increase while the improvements of other 
three metrics will reduce. This is because that an increased gp will add more cells mistakenly in 
the active set, leading to an increased MASN. This will in turn cause higher call blocking rate 
while lower link outage probability. Finally, when oP is less than 500 metres, the overall 
performances will be improved. As it can be seen, for instance, with positioning error of a P = 100 
metres, ASUR reduces by around 30%; outage probability reduces by around 9%; MASN and 
call blocking rate reduces by about 1% and 4%, respectively. When gp exceeds 500 metres, 
MASN and hence blocking rate become slightly worse than those of UTRA algorithm. However, 
the significant reductions of ASUR and outage probability will still lead to better performance 
trade-off.
Performance improvement compared to UTRA algorithm
st.d. of UE positioning error (m)
Figure 8.11 Performance improvements versus st.d. of positioning distance error
8.3 Integrated Soft Handover Algorithm
Jointly consideration of the impacts of soft handover and other resource allocation schemes on 
the radio resource efficiency, as [GhaOl] points out, will be a promising trend of designing
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resource utilization strategies in the future mobile cellular systems. In this section, an integrated 
soft handover algorithm is proposed, which jointly considers an adaptive admission policy in the 
uplink in order to achieve link quality balance and a better optimisation between resource 
utilization and network costs.
In our previous work, we concentrate on the investigations into system performances mainly in 
downlink where soft handover exhibits a trade-off effect in nature. The uplink involvement is 
implicitly considered through a fixed number based CAC scheme where the CAC threshold is 
solely determined by the maximum number of users supported in uplink in a cell, assuming that 
perfect power control is applied and the system capacity is limited by uplink. In this case, the 
extra links involved in soft handover have an explicit impact on the channel usage and hence call 
blocking rate.
This assumption of CAC, however, might not always be true when excessive users are in soft 
handover. In this case, the uplink will benefit from reduced interference while the system 
capacity might be limited by poor downlink qualities or the total transmission power of base 
station. More important, power control in reality cannot be completely perfect, which introduces 
rapid variations to uplink SIR and interference level. A number based CAC scheme only looks 
into the relatively slow changes of channel usage and thereafter cannot be flexible enough to 
accommodate the channel variations. In addition, this CAC scheme makes it less likely to jointly 
consider the impacts of admission control and soft handover in a mobile system.
Therefore, before the details of proposed soft handover algorithm are explained, a power control 
scheme and a practical CAC algorithm will be included in the simulator. The upgraded simulator 
should be able to emulate both uplink and downlink and the link quality should be considered as 
the combination of both. Furthermore, some new performance metrics are included for more 
comprehensive evaluations.
8.3.1 Enhanced System-Level Simulator
a. Fast power Control
a. 1  F a st p o w e r  control algorithm
Fast power control is a special feature of CDMA based mobile systems. It minimizes the 
transmission power of UEs and base stations and thereafter reduces MAI, provided that required 
link qualities can be achieved. In a practical mobile system, power control is performed 
periodically on a short time basis. For instance, in UTRA network, fast power control is adopted 
which is repeatedly performed for each timeslot (= 0.667 ms) [3gpp99b]. The power control 
command is generated by monitoring the link quality at the receiver and sent to the transmitter in 
each timeslot to increase or reduce its transmission power with a fixed step [3gpp99c].
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This practical method, however, is difficult to be implemented in a system-level simulator due to 
its short power control time step. We therefore adopt a numerical scheme named distributed
constrained power control as the alternative solution. Assume that there are Q transmitters and
transmitter i uses a transmission power of p,-. In the uplink case, the value p t means the 
transmission power of terminal i whereas in the downlink, it denotes the transmission power 
dedicated to terminal i by its serving base station. The SIR at receiver i then can be derived as,
SIR, = g 8uPl  (8.3)
'ZSijPj+
j=l,j*i
where gy denotes the link gain from transmitter j  to receiver i and nt represents the receiver noise 
power at receiver i. The transmitter i is said to be supported if its SIR is higher than target SIR 
(SIRtar), i.e.,
SIR( > SIRtar (8.4)
Replacing (8.3) in (8.4), we have,
p,>SIRulr( Y l — PJ +— ) (8.5)
§  ii 8  ii
This shows the minimum transmission power for transmitter i to achieve its required SIR, 
assuming that other transmitters’ powers are fixed. To derive the transmission powers for all Q 
users to satisfy this condition, Q equations for all users have to be solved at once and the solution 
should be non-negative. Zander in his works has proved that such a solution can be achieved if 
every transmitter’s received SIR is balanced (equalized) and the balanced SIR is higher than 
SIRtar [Zan92, ZanOl].
However, this SIR balancing technique is a centralized scheme, requiring full knowledge of the 
link gain matrix. To tackle this problem, a distributed power control (DPC) that requires only 
local measurements of SIR and needs an iterative way is proposed [Fos93]. In DPC, the 
transmission power p t at iteration n + 1 can be derived as:
"  =  0 ,1 ,... (8.6)
where the p fn) and SIRfn) represent the transmission power and measured SIR of transmitter i at 
iteration n, respectively. The initialized power p j0) can be set as an arbitrary non-negative value 
in this algorithm. It can be proved that for any user i within Q, the following equation is valid.
lim pfn) = p* (8.7)
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where p*  denotes the solution for transmitter i in Zander’s scheme, which means that the DPC 
can converge to the ideal solution on the condition of enough iterations. It has been shown in 
[ZanOl] that 20 iterations of DPC will lead to very accurate results.
Up to now, it has been assumed that the transmitter power can be adjusted without limitations. 
This is not realistic, as the maximum output power of a transmitter is upper-bounded in all 
implementations. Furthermore, the transmission power of a transmitter also has a lower bound in 
a practical system mainly due to the sensitivity of the power amplifier. Therefore, we introduce a 
constraint given by:
Pa,ni» S Pi S Ì W  (8'8>
where the ptx,mn and ptx,max denote the minimum and maximum transmission powers of the 
transmitter and the difference between them normally is defined as power control dynamic range. 
Therefore, DPC can be modified as follows, which is normally named distributed constrained 
power control (DCPC) algorithm [Gra95].
SIR,ar (») ^
Pa-,min <  Ptt.min
(n+1)
Pi
SIRt 
SIR ■ 
SIR,™
p  > p (8.9)
a  a,max a m  00 *■ 1 tr tx,n—
SIR,™
SIRfar „ («)Pi otherwise
In this case, the initialized power p{0) has to be set as an arbitrary value between ptx,min and plXimax.
Finally, it has to be noted that the total transmission power of a base station is upper-bounded as 
well. Therefore, indicating the maximum transmission power of a base station as pbs.max, the 
following constraint is added to downlink:
Pp+  (S'10)
issarne BS
where pp represents the transmission power of downlink pilot channel, which normally is not 
power controlled.
a.2 Power control error
It has been noticed that in a practical mobile system, power control cannot be completely 
accurate. With power control inaccuracies, the power adjustments performed by terminals and 
BSs may achieve SIRs better or worse than the target. In [Vit95], it is found that the power 
control inaccuracy in dB is well fitted into a normal distribution. The st.d. of such a distribution is 
defined as power control error (PCE). PCE in practice is dependent upon various factors such as 
power control command rate, user velocity and channel conditions. The relation between PCE
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and user’s velocity has been developed in [Lee96] and [Ari93]. The authors claim that higher
velocity leads to higher PCE. For instance, in the case of Rayleigh channel and power control rate 
of 1.5 kHz with fixed step as in UTRA network, a PCE of around 2 dB is found for user velocity 
of 50 km/hour.
In DCPC algorithm, the constraints upon transmission powers will introduce inaccuracy in 
received SIR. Transmitters that have to transmit with the maximum power may experience SIR 
lower than the target whereas those transmitting with the minimum power may achieve SIR 
higher than the target. Therefore, the PCE is not additionally modelled in our simulator. In order 
to encounter too many link outages resulted from power control inaccuracies, a power control 
margin has to be included i.e. the target SIR of power control must be higher than required SIR 
(SIRreq) by a predefined margin.
a. 3 Power control in soft handover
During soft handover procedure, a balanced power control method is considered in downlink 
where MRC combining technique is assumed. With such a method, an additional adjustment loop 
is employed for equalizing the downlink transmission powers among active set cells [HamOO, 
3gpp99a, AkhOl, Che02b]. Therefore, assuming transmitters i, j ,  ... are in the active set, their 
transmission powers are set the same and controlled together under the following condition,
In uplink, selection combining is assumed. Therefore, the transmission power of the UE in soft 
handover is controlled by the active set cell that has the highest received SIR.
a.4 Implementation o f power control in simulator
In the simulations, the CPICH in downlink transmits with fixed power and all the traffic channels 
in uplink and downlink are power controlled by the DCPC algorithm. When a new call is 
accepted by CAC scheme, initial powers are allocated respectively to the UE and a downlink 
traffic channel with the maximum powers allowed. The iterations of DCPC are then performed in 
both links immediately after the power allocation. In the case that total transmission power of a 
cell exceeds pbs.max at any iteration, the transmission powers of all the traffic channels will be 
adjusted at once as the following equation:
(8.11)
(8.12)
is  same BS
with p i ' l> indicating the transmission power before the adjustment.
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Table 8.1 describes the main parameters and their settings for the DCPC algorithm implemented 
in our simulator [Etsi97, HolOO].
Table 8.1 Power control parameters and settings
Parameters
Settings
Uplink Downlink
pp (dBm) — 33
Ptx.max (dBm) 24 30
PC dynamic range (dB) 70 20
Pbs.max (dBm) — 43
PC margin (dB) 1.0 1.0
Iteration number 50 50
b. CAC
A  CAC scheme considering both uplink and downlink is implemented in advanced system-level 
simulator. Generally, when a CAC scheme is performed in uplink, the criterion to accept a new 
call is based on the provision of sufficient SIR for both new and ongoing calls. This goal can be 
fulfilled by three different ways, namely base on uplink SIR [DimOOb], UE transmission power 
[Hua96, DimOOa] and total received interference [Red02, HolOO]. In the first approach, base 
station measures the SIR of the new call. If it is higher than the target SIR, the call is accepted. 
This can be extended to transmission power based approach where the network checks if the 
user’s maximum transmission power can reach the target SIR. If not, the call is blocked. The 
interference based approach concerns about the total received power at base station. If it exceeds 
a pre-set threshold, the new call is blocked. This criterion can be triggered by the current uplink 
measurements [Hua96, Kui99, Red02] or by the prediction of the resulting values by assuming 
that the call has been accepted [Hol99, Dzi96, ZhuOO].
The downlink CAC normally is based on the total transmission power of the base station. If it 
exceeds a limit, the call is blocked. Similarly, this criterion can be triggered by the current 
measurements [Foo02] or the prediction of the resulting values [Hol99].
In the simulator, we choose a CAC scheme that in uplink is based on measured SIR and in 
downlink is based on total transmission power of the base station. Hence, the condition of 
accepting a new call in uplink can be described as,
^^measure ^  ^cac,UL (8.13)
with 57/?measure and thcaCtUL indicating measured SIR of the new user and the threshold for uplink 
CAC, respectively. The difference between thcaCiUL and uplink SIRreq is defined as CAC margin.
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The condition of accepting a new call in downlink similarly is given by,
P n . ,o m l < t h cac.DL (8 '1 4 )
where the Ptx,total is measured current total transmission power of the base station and thcacDL 
represents the threshold for downlink CAC.
In the simulations, when a new call arrives, it is assigned a serving base station by cell selection 
procedure and is allocated the maximum power to reach the target SIR in uplink. If it can, a 
maximum power is then allocated to a downlink traffic channel. The downlink CAC criterion is 
then checked. If the new call is accepted, DCPC is performed to adjust the transmission powers 
in both links to appropriate values. This procedure is flowcharted in Figure 8.12.
Figure 8.12 Flowchart of call admission control procedure
c. New Metrics
Apart from the performance metrics described in Section 6.1, the following new metrics are 
included to further evaluate system performances.
Call dropping rate (Pdrop): A call is dropped if its received SIRs in either of the links 
continuously drop below the required values for a period of tdrop seconds.
Grade of Service (GoS): The GoS is normally termed as a combination of call blocking 
and dropping rates. It is designed to reflect the service quality in a better way, as call
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blocking and dropping rates normally display opposite changing trends. Noticing the 
more annoying consequence to the user of a dropped call than a blocked call, GoS can be 
defined as the following equation, where f v is a weighting factor reflecting the priority of 
call dropping rate, which normally is set to 10.
G oS = Pm + f y,-P drv (8.15)
■ Satisfied users rate: we define a satisfied user as a user that has fulfilled all the following
three constraints. Firstly, the user does not get blocked when arriving to the system.
Secondly, the user has sufficiently good link quality over a certain fraction e.g. 95% of
the connection time, i.e. the probability that received SIR is higher than SrRreq is greater 
than 95%. Finally, the user does not get dropped. The satisfied user rate therefore is 
defined as the ratio of satisfied users to the total users who attempt to access the radio 
network.
Node-B and UE transmission powers: With power control applied, the statistics of Node- 
B and UE transmission powers are directly related to the interference level hence the 
system capacity. A low average UE transmission power prolongs the battery operating 
time and is more likely to achieve better link quality, since most link outages happen in 
occasions where required transmission powers exceed UE’s upper limit.
8.3.2 Impacts of CAC and Soft Handover Thresholds
Proposed integrated soft handover algorithm is adaptive to the link qualities, together with the 
assistance of an adaptive CAC scheme working jointly to optimise the resource utilisation. 
Before constructing adaptive thresholds for soft handover and CAC, it is essential to understand 
the effects of those thresholds and to define appropriate indicators to reflect the link qualities.
The CAC scheme detailed in the previous section monitors total transmission power in downlink 
and SIR in uplink. From the simulation results reported in [YanOl], it is concluded that the base 
station total transmission power has a slim chance to reach its maximum value before the channel 
qualities decay to the extent of not being able to provide stable communications. In another word, 
a large proportion of the blocked calls are resulted from the failures to fulfil the uplink CAC 
criterion. Naturally, uplink CAC criterion should be the main concern in our study. The effects of 
reducing uplink CAC threshold are briefly summarized in Figure 8.13. It shows that lowering 
down thcaCiUL will lead more new users to enter the network, which reduces the call blocking rate. 
It, however, increases interference levels in both links, causing more required transmission 
powers and hence more link outages and dropped calls. Moreover, increased transmission powers 
will in turn decline more new coming calls, leading to a balance to the network.
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Figure 8.13 Impacts of uplink CAC threshold on service qualities
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Figure 8.14 Impacts of soft handover thresholds on service qualities
Based on such a CAC scheme, pushing more ongoing calls in soft handover by playing its 
thresholds, e.g. reducing dropping threshold, will have a chain of impacts on both links, as shown 
in Figure 8.14. It is clear that more soft handovers improve the uplink quality in terms of 
reducing UE transmission power and link outages and hence the resulting blocked and dropped
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calls. In downlink, however, its impacts are not straightforward. Soft handover users might 
experience lower link outage benefiting from signal diversity whereas non-soft handover users 
might suffer higher interference introduced by extra links. Jointly, it generally will reduce 
average link outage when Psho is not significantly high. Moreover, pushing more users in soft 
handover also means that more signalling loads are needed and the Node-B has to transmit with 
higher power, which in turn will increase the chances of blocking new calls.
8.3.3 Link Quality Indicators
A number of adaptive soft handover algorithms have been proposed recently where the link 
qualities are monitored and fed back in order to achieve adaptive thresholds. In [Hwa97] and 
[Lim02], the link quality indicators are based on base station total transmission powers. The 
latter, studying the adaptive soft handover algorithm in a High Altitude Platform System (HAPS), 
suggests that its link quality indicator is more suitable, as all the base stations in HAPS are co­
located and powers can be shared among base stations [AbrOl].
These link quality indictors, however, may not be sufficient enough to dynamically adjust soft 
handover behaviours against the link quality situations, due to the following reasons.
■ Because of the complex nature of power control mechanism, the power consumption 
normally cannot be explicitly translated into link quality that, however, leads directly to 
call drops.
The adaptive thresholds are only based on the current link qualities. A more meaningful 
link quality indictor should take a sequence of link conditions into consideration, as a 
random link outage event might not have a great impact on the call drops.
Only downlink measurements are considered, which might lead to unbalanced link 
qualities between uplink and downlink.
In contrast, in our work, two link quality indicators are proposed which consider the measured 
link outage probabilities in the uplink and downlink, respectively. Moreover, they are able to 
reflect current as well as previous link situations. This is achieved by using a simple Leaky 
Bucket algorithm [Yin91]. Indicating LQ{n) as the link quality indicator in dB at time step n, 
where i can be UL or DL, the following equations illustrate how the link indicators at next time 
step are derived:
L Q /0)= 0 (8.16)
00 , A D  (« )
L Q r i>
I f l T + A * , ,  PM. r  <Pm,,eq.i
j  n  ^  — a  p  ^  > pLQ,i r out,i — out,req,i
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where the P0UtJ n) indicates current outage probability over all previous and current active users at 
time step n and Pout,req,i represents the required link outage probability that is low enough to 
achieve SIRreq,/, i = UL or DL. The ALQJ denotes the adjustment step in dB. Furthermore, LQ-n> 
has to be lower and upper bounded within 0 and LQmax>i respectively, since the adaptive 
thresholds cannot be adjusted unlimitedly. The following constraints therefore have to be 
imposed on the above equation.
8.3.4 Integrated Soft Handover with CAC
It can be seen that defined link quality indicators are able to reflect both current and previous link 
situations. They are then incorporated with soft handover and CAC to construct adaptive 
thresholds. When doing this, several principles are considered. Firstly, when link quality is good 
enough, the adaptation is not needed, as it brings extra computations and signalling loads. 
Secondly, adaptive thresholds used should improve the quality of one link without impairing 
another. Thirdly, adaptive soft handover and CAC will work in an integrated and balanced 
manner to achieve the required link outage probabilities in both links as much as possible. Hence, 
the following adaptive thresholds are constructed.
It is understood that, a good link quality will lead LQjn) to zero i.e. adaptation will not be in use. 
In the case that downlink is in poor quality, dropping hysteresis is reduced to keep more users in 
soft handover in order to improve the link outage, which will not bring any negative impact on 
the uplink. On the other hand, a poor uplink quality increases uplink CAC threshold, improving 
the uplink by preventing more users from entering the network and imposing no damage on 
downlink performance.
It is also natural that two adaptive algorithms work in an interactive way, i.e. the improvement of 
either link will lead to positive changes to another link, bringing it back to the state where no 
adaptation is needed. Finally, a dynamic balance between uplink and downlink qualities will be 
reached.
LQ n l  > LQ,m , 
LQi(n+l) -  < 0 L(2/'i+1) < 0
L & (“+1) otherwise
(8.18)
I I  ( n )  _ _  t t    t  ( '* )
drop.adp drop x^ DL (8.19)
(8.20)
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8.3.5 Performance Improvements
Simulations are carried out in a UTRA vehicular environment where the system-level simulator 
described in Section 8.3.1 has been employed. A speech service of 8 kbps is considered. The 
nominal values of some important parameters are summarized in Table 8.2. The performances of 
proposed integrated soft handover algorithm will be compared to those of UTRA network where 
fixed parameters based soft handover and CAC schemes are applied. A set of simulations under 
various cell loads ranging from 0.1 to 0.35 calls/second/cell are conducted.
Table 8.2 Simulation parameters and settings
Parameters
Settings
Uplink Downlink
SIRreq>(-(dB) 6.0 4.5
Fout.req,/ 0.01 0.02
Ai a ,(dB) 0.1 0.1
LQmax,i (dB) 4.0 3.0
CAC thresholds 6.0 dB 42 dBm
Hadd (dB) -2.0
Hdrop (dB) -5.0
tdrop (seconds) 2.0
It can be observed from Figure 8.15 and 8.16 that proposed adaptive soft handover algorithm, 
integrated with adaptive CAC, considerably improves service qualities. Compared to the fixed 
parameters based UTRA algorithm, the proposed algorithm achieves a lower call blocking rate as 
well as a lower call dropping rate, jointly resulting in a better GoS. The improvements get more 
considerable in the case of heavy cell loads. As a consequence, it has been further shown in 
Figure 8.16 that the proposed algorithm is able to deliver satisfactory service to more mobile 
users than UTRA algorithm.
The results in Figure 8.17 demonstrate the average transmission powers of Node-B and UE. They 
have been normalized by their maximum transmission powers, respectively. It has been shown 
that compared to UTRA network, the proposed algorithm demands less power consumption from 
Node-B’s perspective. Furthermore, the power consumption required by UE is similar to that in 
UTRA network. In the presence of light traffic load, the UE has to transmit with a slightly higher 
power whereas under heavy cell load, it saves a little power. It has to be noted that these power 
assumptions are achieved in a system where the supported users are more than those in UTRA 
network, due to the lower call blocking rate.
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Call arrival rate (call/s/cell)
Figure 8.15 GoS, call blocking rate and call dropping rate versus call arrival rate
Satisfied user rate versus call arrival rate
Call arrival rate (/second/cell)
Figure 8.16 Satisfied user rate versus call arrival rate
136
Chapter 8 Enhanced Soft Handover Algorithms
Normalized N ode-B  and UE Tx power versus call arrival rate
Call arrival rate (/second/cell)
Figure 8.17 Normalized Node-B and UE transmission powers versus call arrival rate
Figure 8.18 and 8.19 explain the optimisations between GoS achieved in the network and the 
costs paid by Node-B and UE, respectively. From UE’s perspective, the cost it has to pay is its 
power consumption only. For Node-B, the cost would include its average power consumption 
and the signalling load that can be represented by the events of active set updates. Hence, the cost 
for a Node-B can be defined as,
Costbs = p bs +  1 0 1 o g (/ l w- ASUR  • Carried_Traffic) (8 .2 1 )
where pts is the average transmission power of Node-B in dB, Carried_Traffic represents the 
average number of active users a Node-B supports and denotes a defined parameter to adjust 
the weight of signalling loads against the total Node-B cost, which in our work is set to unity.
As depicted in Figure 8.18, from the left to the right side, the markers on the curves indicate the 
relations between GoS and Node-B total cost with increasing cell loads varying from 0.1 to 0.35 
with a step of 0.05 calls/second/cell. It can be understood that proposed scheme can achieve 
better GoS with lower Node-B costs compared to UTRA network, as apparently shown by the 
two markers in the dashed circle. From UE’s point of view, Figure 8.19 exhibits that a similar 
cost paid by UE can achieve better GoS by proposed scheme, in comparison with UTRA fixed 
parameters based scheme.
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GoS versus N ode-B  cost
Figure 8.18 GoS versus Node-B cost 
GoS versus UE cost
Figure 8.19 GoS versus UE cost
8.4 Distributed Soft Handover Algorithm
In integrated soft handover algorithm, the adaptive thresholds are constructed in a centralized 
manner. The link quality indicators are achieved by averaging link outages over all users and 
therefore the adaptive thresholds are adjusted in the same way to all users in a cell. However, as a
138
Chapter 8 Enhanced Soft Handover Algorithms
matter of fact, users located near the cell boundary might have more urgent needs to perform soft 
handover than those in the central area of a cell. Therefore, centralized adaptive thresholds will 
not be efficient enough to meet the different needs of individual users. A solution to tackle this 
problem is to apply a distributed soft handover scheme where adding and dropping hystereses are 
different for individual users according to their needs for handover. In this case, averaged link 
outage probability is not possible to be used. Instead, measured SIR for individual users in uplink 
and/or downlink can be considered to construct link quality indicators. An example of distributed 
soft handover algorithms is proposed in [JetOO], where the thresholds adapt to the measured 
current downlink SIR of active set cells. The best and worst measurements are taken to derive 
adaptive adding and dropping hystereses for each user by using a ramp function. However, the 
link quality in this algorithm is based only on current SIR measurement and each link in the 
active set is treated separately without considering the impacts of MRC. Furthermore, the uplink 
quality is not included.
In this section, we proposed a distributed soft handover algorithm where each user possesses its 
own set of hystereses continuously adaptive to its current and previous link outage events from 
both uplink and downlink. To achieve this goal, link quality indicators that are able to reflect 
current as well as previous link situations have to be constructed.
8.4.1 Link Quality Indicators
The link qualities are derived from discrete link outage events of individual users. A simple 
Leaky Bucket algorithm is applied in order for the link indicator to reflect both current and 
previous link situations. The event of link outage for UE k at step n can be defined as a Boolean 
variable corresponding to the case where received SIR from either uplink or downlink falls below 
its required threshold i.e.,
Outagek — {SIRmeasureULk <SIRreqUL or SIRmeasure DL k < SIRreqDL} (8.22)
where SlRmeasure,uL,kn) and SIRmeasure>DLJ n) represent measured SIRs for UE k at time step n from
uplink and downlink, respectively. As a special case, for soft handover users, the SIR 
measurements are taken after the signal combining is performed i.e. SC in the uplink and MRC in 
the downlink. Therefore, indicating LQk(n> as link quality indicator at time step n for UE k, the 
following equations illustrate how the quality indicator at next step is derived.
L Q km  = 0  (8.23)
(l q /"1 +  A... Outage "" — 1
L Q t = •{ 1 (8.24)
L Q *  Outage™ =0
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where Alq,uP and ALQ,down are referred to as the adjustment steps in dB to increase and decrease the 
quality indicators, respectively. Furthermore, LQfn) has to be limited within the lower bound 
LQmin (< 0) and the upper bound LQmax (> 0). The following constraints therefore have to be 
imposed on the above equation.
LQ, (B+l) _
LQ.
LQ.
LQt
-max
min 
(«+1)
if LG,("h) > LQ„ 
if LQ ^n<LQmin 
otherwise
(8.25)
8.4.2 Distributed Soft Handover Algorithm
It can be seen that defined link quality indicators are able to reflect both current and previous link 
situations of individual users. They are then incorporated with soft handover adding and dropping 
hystereses to construct adaptive thresholds. The following method of producing new hystereses 
has been proposed:
* W n>= H  M ~LQkw(8.26)
(8.27)
where the Hadd>k(n) and Haddik(n) correspond to adding and dropping hystereses for UE k at time step 
n, respectively. It can be seen that when a user is in poor link quality, the indicator is greater than 
zero. Therefore, the soft handover window will lower down to get more diversity gain. When it is 
in good link quality, the negative link quality will increase both Hadd,k(n) and Hadd>k(n) to avoid 
unnecessary soft handovers.
8.4.3 Performance Improvements
A series of simulations are carried out in UTRA vehicular environment employing the system- 
level simulator described in Section 8.3.1. A speech service of 8 kbps is taken into account. The 
nominal values of some important parameters are summarized in Table 8.3. It can be seen that the 
link quality increases by 0.3 dB in the event of link outage but reduces by only 0.1 dB if the link 
is not in outage. This is due to the fact that link outages will damage the system performance 
thereafter need quicker treatments and only continuous non-outage events are convincing to 
indicate the good quality of the link.
The performances of proposed distributed soft handover algorithm are compared to those of 
UTRA network where fixed parameters based soft handover algorithm is used. The simulations 
are performed with cell loads increasing from 0.1 to 0.35 calls/second/cell.
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Considerable improvements to service quality by proposed distributed soft handover algorithm 
can be observed from Figure 8.20 and 8.21, where GoS, call blocking rate, call dropping rate and 
satisfied user rate are demonstrated. In comparison with UTRA algorithm, the distributed 
algorithm noticeably reduces call blocking rate and achieves similar call dropping rate. As a 
consequence, GoS resulted from distributed soft handover algorithm is better than that from 
UTRA algorithm. It further shows that satisfactory service is delivered to higher ratio of users by 
using proposed distributed algorithm. For instance, with a cell load of 0.25 calls/second/cell, the 
distributed algorithm guarantees a satisfied user rate of around 94% while UTRA algorithm can 
only achieve a figure of around 90% (Figure 8.21).
Table 8.3 Simulation parameters and settings
Parameters
SIRreq.i (dB)
CAC thresholds 
Hadd(dB)
Hdrop (dB)
LQmax / LQnan (dB) 
^ lq,ud (dB)
Settings
*LQ,down (dB)
Uplink Downlink 
6.0 4.5
6.0 dB 42 dBm 
-2.0 
-5.0 
3 .0 /-3 .0  
0.3 
0.1
Call arrival rate (call/s/cell)
Figure 8.20 GoS, call blocking rate and call dropping rate versus call arrival rate
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Satisfied user rate versus call arrival rate
Call arrival rate (/second/cell)
Figure 8.21 Satisfied user rate versus call arrival rate
The results in Figure 8.22 demonstrate the average transmission powers of Node-B and UE, 
which are normalized respectively against their maximum allowed transmission powers. It can be 
seen that the distributed algorithm results in less power consumptions of Node-B, compared to 
UTRA algorithm. From UE’s prospective, the power consumption required by distributed 
algorithm is slightly higher than that by UTRA algorithm. However, it has to be noted that these 
power assumptions are required in a system where the supported users are more than UTRA 
network, due to the lower call blocking rate shown in Figure 8.20. This can be further explained 
by Figure 8.22, which depicts Node-B and UE transmission powers versus carried cell load. The 
carried cell load is defined as,
Carried __ cell __ load =  Call _ arrival _ rate • (1 — Pblk) (8.28)
It can be seen that when considering carried cell load, which is the actual traffic the network 
supports, the reduction of Node-B transmission power by proposed algorithm will increase when 
the carried cell load increases. Furthermore, the difference between two algorithms in UE 
transmission powers reduces with increasing carried call load. The distributed algorithm 
outperforms UTRA one when carried cell load is greater than 0.25 calls/second/cell.
Figure 8.24 and 8.25 show the optimisations between GoS and costs paid by Node-B and UE, 
respectively, with cell loads increasing from 0.1 to 0.35 with a step of 0.05 calls/second/cell. It 
can be observed that the distributed algorithm is able to achieve better GoS with lower Node-B 
costs compared to UTRA algorithm. This can be apparently shown by the two markers in the 
dashed circle. Similarly, Figure 8.25 exhibits that better GoS can be achieved by proposed
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algorithm, with an increase of about 0.8 in UE cost, which virtually represents its increased 
transmission power in dB, in comparison with UTRA algorithm. Again, this is achieved in a 
system that supports more carried cell load than UTRA network.
Normalized N ode-B  and UE Tx power versus call arrival rate
Call arrival rate (/second/cell)
Figure 8.22 Normalized Node-B and UE transmission powers versus call arrival rate
Normalized N ode-B  and UE Tx power versus carried cell load
Carried cell load (/second/cell)
Figure 8.23 Normalized Node-B and UE transmission powers versus carried cell load
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GoS versus N ode-B  cost
Figure 8.24 GoS versus Node-B cost
GoS versus UE Cost
Figure 8.25 GoS versus UE cost
8.5 Conclusions
Adaptive soft handover algorithms, compared to the fixed parameters based UTRA algorithm 
that leads to relatively stiff resource management, have shown the potentials to enhance the
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optimisations between system performances and radio resource utilizations in literature. In this 
chapter, following typical methods of constructing adaptability, three adaptive soft handover 
algorithms have been proposed, namely UE positioning assisted, integrated and distributed 
algorithms. They are designed by estimating UE’s position, integrating soft handover with other 
resource allocation schemes and allocating different handover thresholds to individual users, 
respectively.
In enhanced UE positioning assisted soft handover algorithm, the information of user’s estimated 
distance and direction of movement to desired base stations is tracked and taken as extra inputs to 
UTRA soft handover algorithm. Moreover, the positioning error and delay of accessing 
positioning information are modelled. The performances of proposed algorithm have been 
compared with those of UTRA algorithm, by carrying out simulations in UTRA vehicular 
environment for various cell loads and shadowing variations. It has been shown that the proposed 
algorithm improves the overall system performances when st.d. of positioning error is less than 
500 meters. In particular, the active set update rate is significantly reduced without any negative 
impacts on other performance metrics. This is due to the designed features of this algorithm that 
prevent premature events of adding weak cells in the active set and encourage relatively strong 
cells to stay in the active set. Moreover, since the UE positioning capability has been 
standardized as a mandatory requirement for UTRA terminals, proposed soft handover algorithm 
would not impose any additional system complexity in practice.
In the second section, an adaptive soft handover algorithm is proposed, which works in an 
integrated way with an adaptive CAC scheme, in order to balance the link qualities in uplink and 
downlink thereafter to optimise overall system performance. The adaptive thresholds in CAC 
scheme and soft handover algorithm are constructed with assistances of link quality indicators of 
uplink and downlink, respectively. Derived from a Leaky Bucket algorithm, these indicators are 
able to reflect current and previous averaged link outage situations. The simulation results 
demonstrate that the integrated soft handover algorithm considerably enhances overall system 
performances in terms of improving both quality of service and radio resource efficiency. In 
comparison with UTRA soft handover algorithm, it requires less transmission power from Node- 
B and similar transmission power from UE while providing a better grade of service.
Different from centralized soft handover algorithms where users in a cell share the same set of 
hystereses, a distributed soft handover algorithm is proposed, which allocates individual users 
different adding and dropping hystereses, depending upon their link quality indicators. The link 
quality indicator of each mobile user is constructed by using a Leaky Bucket algorithm where the 
current and previous discrete link outage events in both uplink and downlink are considered. The 
distributed algorithm avoids unnecessary handovers for users near the central area of a cell and 
encourages users close to the cell boundary to enter soft handover. Simulations are carried out to
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compare with UTRA soft handover algorithm and the results show that the distributed algorithm 
reduces required transmission power of Node-B and delivers a better service quality to the users. 
Furthermore, proposed algorithm requires less UE transmission power when carried cell load 
exceeds 0.25 calls/second/cell, although slightly higher transmission power is required in lightly 
loaded system scenarios.
One of the key issues we have to consider is the complexity of the proposed soft handover 
algorithms. The positioning assisted algorithm, as stated before, will not impose any complexity 
on the current UMTS system, as the positioning capability is compulsory functionality for UMTS 
mobile equipments. The other two proposed algorithms i.e. integrated and distributed algorithms 
will not require any extra hardware from both Node-B and UE’s sides. The uplink quality in 
these two algorithms can directly use the information reported by Node-B s for uplink power 
control purpose. Moreover, in current UMTS, the UEs periodically monitor and report to Node- 
Bs the downlink quality for downlink power control, which can be feasibly used to construct 
downlink quality indicators in our algorithms. In summary, the only extra complexity of these 
two algorithms is to use a simple Leaky-Bucket algorithm in the Node-B.
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C h a p t e r  9
9  Conclusions a n d  F u t u r e  W o r k
9.1 Conclusions
Soft handover provides signal diversities in both uplink and downlink hence improving the quality 
of service. However, it also displays disadvantages particularly in downlink due to the extra radio 
links needed to support soft handover. As a result, soft handover has a nature of trade-offs on the 
optimisation between link quality, radio resource utilisation and network costs. It therefore 
becomes very important to fully understand the impacts of soft handover on the system 
performance as well as its complex behaviours resulted from various factors that are closely 
related to handover procedure. Based on such understandings, flexible and efficient yet robust soft 
handover control mechanisms can be developed.
The research work starts from the analysis of soft handover impacts on two special CDMA 
cellular networks, namely sectored and hierarchical cellular systems. In a sectored CDMA cellular 
system, we present an analytical method of estimating the improvement of sectorization gain that 
leads to the capacity enhancement, due to the exploitation of soft/softer handovers. The practical 
sectored antenna radiation pattern is applied in the analysis. It has shown that higher sectorization 
gain can be achieved in soft/softer handover systems compared to that in hard handover systems. 
However, the enhancement in capacity exhibits heavy dependencies upon the environmental 
factors e.g. shadowing variations and path-loss exponent, as well as the effective antenna 
radiation angle. The dependencies appear to be more sensitive in soft/softer based sectored 
systems than in hard handover based ones.
The impacts of intra-layer soft handover in a CDMA/CDMA based hierarchical cellular network 
are investigated through analysis of uplink SIR in two different scenarios where only micro-macro 
and macro-micro inter-layer handovers are allowed, respectively. It has been shown that inter­
layer handovers introduce additional uplink interference to the target layer. With the exploitation 
of intra-layer soft handover, however, such interference can be reduced to some extent in both 
scenarios, in comparison with intra-layer hard handover. This benefit comes from the signal 
diversity of soft handover, which reduces soft handover users’ transmission powers, hence the 
interference to other users.
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Then, we concentrate on the implications of soft handover procedure itself. The impacts of 
different factors on soft handover performances have been investigated, which include the 
absolute and relative soft handover thresholds, the power and SIR triggering mechanisms, the 
main parameters of a soft handover algorithm and the shadowing cross-correlation.
The investigations have shown that that using relative or absolute thresholds for adding and 
dropping will have considerable impacts on soft handover performances. Moreover, the impacts 
depend upon whether power or SIR is applied to trigger a soft handover decision. In general, 
power triggered and absolute thresholds based algorithm does not react to the varying 
interference, resulting in an extra resource usage and consequently a high call blocking rate. In 
contrast, the SIR triggered and absolute thresholds based algorithm creates unnecessary handovers 
with light cell loads and insufficient handovers with heavy cell loads. Moreover, no considerable 
differences have been observed between two relative thresholds based algorithms, triggered by 
power and SIR, respectively. As a conclusion, relative thresholds based and SIR triggered 
algorithms are more suitable for CDMA cellular systems where the link quality is relied on SIR. 
Furthermore, UTRA soft handover is studied with various settings of its main parameters e.g. 
hystereses, time-to-trigger and averaging window size. It has been shown that these parameters 
have a great impact on soft handover performance. Nevertheless, it is further observed that by 
carefully tuning and setting these parameters, a better trade-off among performance metrics can be 
achieved.
As an important property of shadowing fading, the cross-correlation between propagation paths 
from different base stations has controversial impacts on soft handover. In order to investigate soft 
handover performance in the presence of shadowing correlation, a method of generating multiple 
shadowing variables with both auto- and cross-correlation is proposed and applied to the dynamic 
simulations. From the results, it is clear that using a constant SCC of 0.5 overestimates soft 
handover performance while assuming no SCC underestimates. More important, it is revealed that 
with practical cross-correlation, instantaneous measurement related performance metrics e.g. SIR 
of CPICH and link outage probability are closer to those under independent shadowing; while 
average measurement based metrics e.g. soft handover rate and active set number are closer to 
those under constant SCC of 0.5. Therefore, neither of the two special cases is able to accurately 
and comprehensively evaluate soft handover performances. A relatively accurate SCC model has 
to be involved.
Finally, based on the above research work, we are able to develop dynamic and efficient soft 
handover algorithms for UMTS. Three adaptive soft handover algorithms have been proposed 
namely UE positioning assisted, integrated and distributed algorithms.
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In positioning assisted soft handover algorithm, the user’s estimated distance and direction of 
movement towards a base station are tracked and used to assist UTRA soft handover algorithm to 
make more appropriate decisions. The positioning error and delay are modelled in our study. The 
results have shown that this algorithm improves the overall system performances when st.d. of 
positioning error is less than 500 meters, in contrast to UTRA soft handover algorithm. In 
particular, the active set update rate has been significantly reduced without any negative impacts 
on other performance metrics. It is also noticed that this algorithm will not impose any extra 
modifications to the existing UMTS standard.
The integrated soft handover algorithm works in an interactive manner with an adaptive CAC 
scheme, in order to balance the link qualities and to optimise overall system performance. Derived 
from a Leaky Bucket algorithm, the link quality indicators are conducted in such a way that they 
are able to reflect current as well as the previous link qualities. These indicators are then 
incorporated with soft handover and CAC to produce adaptive thresholds. It has demonstrated that 
proposed algorithm considerably enhances overall system performance in terms of quality of 
service and radio resource efficiency. In comparison with UTRA soft handover, it requires less 
transmission powers from Node-Bs while providing a better grade of service to the users.
Finally, in contrast to centralized algorithms, a distributed soft handover algorithm is developed, 
which allocates individual users different adding and dropping hystereses, according to their link 
quality indicators. The link quality indicator of each mobile user is constructed by considering 
both current and previous link outage events. This distributed algorithm avoids unnecessary 
handovers for users near the central area of a cell and encourages users close to the cell boundary 
to enter soft handover. As a result, it reduces transmission powers of Node-Bs while delivering a 
better service quality. Furthermore, this algorithm requires less UE transmission power in the 
presence of heavy cell loads.
The results, observations and conclusions of the research work along with the constructed tools 
and methods can assist in solving relevant and further radio resource management issues in 
wideband CDMA based wireless cellular systems. The discoveries of soft handover behaviours in 
various system scenarios are helpful for the radio network planning and optimisations. Moreover, 
all the proposed adaptive soft handover algorithms considerably enhance the overall system 
performance and can be feasibly encapsulated in 3G cellular systems. Finally, the constructed 
dynamic simulator has included all the system aspects that are necessary to simulate both uplink 
and downlink of a 3G wireless network hence providing a comprehensive platform for other 
relevant research works.
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9.2 Future W ork
The work carried out can be further extended in the following fields.
Research on soft handover on link-level: When investigating soft handover procedure on system- 
level, simulations normally are performed without considering fast fading, as the pilot samples 
taken for handover purpose are measured on a fairly slow basis and are averaged to reduce 
handover number. Moreover, the use of MRC in downlink signal combining for soft handover 
users implies that the Rake receiver has an unlimited number of fingers and hence all the 
multipaths from base stations involved can fully contribute to the signal diversity. This might not 
be accurate especially when more than two base stations are involved in soft handover, since the 
number of fingers in a practical Rake receiver normally is less than six. Link-level research on 
diversity performance to some extent could identify this inaccuracy. Two or more multipath 
channels with level difference among them and properly defined other user interference can 
evaluate the effectiveness of MRC in soft handover. Similar work can be carried out in uplink, 
where frame-based SC should be evaluated, in order to identify the impacts of assuming 
instantaneous SC as in most system-level simulations. When doing link-level research, one of the 
main channel properties, the correlation between wideband channels has to be included.
Soft handover in Spatial Diversity CDMA systems: Recently, the use of spatial diversity in both 
transmission and reception has attracted considerable attention, as it presents a significant increase 
in capacity over single-input single-output (SISO) systems. For instance, space-time transmit 
diversity (STTD), which uses space-time coded multiple transmitter antennas in the Node-B has 
been adopted by 3GPP. Moreover, multi-input multi-output (MEMO) systems, where multiple 
antennas are mounted at both the Node-B and the UE, explore transmission and reception 
diversities. Use of soft handover in the spatial diversity systems will facilitate seamless 
information flow transfer and enhance the diversity gain. However, the parallel subchannels 
constituted in STTD and MEMO systems and the correlation among the subchannels will add 
great difficulties to soft handover performance analysis.
Integrated and intelligent Radio Resource Management (RRM): Integrated and intelligent radio 
resource allocation scheme exhibits the features of adaptability and robustness as displayed by our 
proposed integrated soft handover algorithm. There exist also a number of research works in 
literature on the adaptive power control for users in soft handover [FurOO]. However, these works 
are not sufficient enough to provide a dynamic yet robust approach of resource allocation. An 
ideal integrated and intelligent RRM scheme should take into account the dynamics of the system 
(traffic, service demand, mobility, channel fading conditions) and use them in the related 
functionalities (CAC, scheduling, handover, power control, spreading factors, etc.) continually
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and automatically. The resource allocation functionalities furthermore should work interactively 
to support each other and to balance the service qualities and resource utilizations.
Soft handover for other CDMA based systems: Soft handover is a unique feature for CDMA based 
wireless systems. Therefore, the same soft handover issues that are dealt for terrestrial UMTS 
could be extended to any CDMA based mobile/wireless systems, for instance satellite UMTS and 
HAPS. For HAPS, one important fact is that all the base stations are collocated thereafter soft 
handover in such a system is virtually softer handover, leading to the exploitation of MRC in the 
uplink. Furthermore, soft handover in an adaptive beam-forming system based on smart antennas 
becomes enticing, since the operations of adding and dropping cells in soft handover now could 
be applied upon antenna beams. The difference from sectored cellular systems is that the antenna 
beam-forming is adaptive and time-varying dependent upon the users’ mobility patterns and 
geographical distributions. Soft handover might also be extended to Multi-Carrier CDMA (MC- 
CDMA) systems where the fact that all the users sharing the same sub-carriers enables a single 
receiver to decode multiple signals.
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A p p e n d i x
Derivation of Equation (4.26)
Assume we have a circular symmetric function of x and y, f ( x , y) = Ag(x2 + y 2) + B where A 
and B denote two constants and g(.) is an arbitrary function. The integration of this function over 
an area as shown in Figure A. 1 with a linear boundary ax + b then can be expressed as,
= L C j (x' y)ihdy 
= C  £"i,(AS(*2 + y2) + B)dxdy
(A.1)
Figure A.l Transition of x-y coordinate and integration region with linear boundary
We can transit the x-y coordinate system to a new x-y ' one by rotating the former anti-clockwise
by an angle of (p, as shown in Figure A .l, where (p = sin-1 (a /^ l  + a2) . It is easy to check that 
for a pair of coordinates (x, y), the corresponding (x', yr) satisfies the following equation,
x ’2+ y ,2 = x 2 + y 2 (A.2)
Hence, it can be proved that,
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f ( x \y ')  = f(x ,y )
Therefore, we can now do the integral in the new x’-y f coordinate,
1 result = P H  f(x,y)dx'dy'
4 ^
= f  tb  f(x\y ')dx'dy '
t o
= f  r  b f(x,y)dxdy  
“ 4 ^
i y2
Replacing f(x ,y )  = Ag(x2 + y 2) + B by f (x ,y )  =  -e  2a* e 2arl, we have,
2no
.2 2
2 T IG
2* T f  b e 2<yl e 2cyl dxdy
4  J - c o  J  T ~ — ~
Vl+«2
y*
= H  g
= Qfr j ~ - )
y l + a <T
It can be seen that Equation (4.26) is proved.
(A.3)
(A.4)
(A.5)
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